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>> Review Summary; for full text: 
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Enantio- and Diastereodivergent 

Dual Catalysis: o-Allylation 

of Branched Aldehydes 

S. Krautwald et al. 

Two catalysts independently set the chiral 
sense of adjacent stereocenters in a 
carbon-carbon bond-forming reaction. 
>> Perspective p. 1052 


Martian Fluvial Conglomerates 

at Gale Crater 

R. M. E. Williams et al. 

Observations from the Curiosity rover of 
rounded pebbles in sedimentary rocks confirm 
ancient water flows on Mars. 

>> Perspective p. 1055 
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High-Strength Chemical-Vapor—Deposited 
Graphene and Grain Boundaries 

G.-H. Lee et al. 

Unless subjected to chemical attack, the grain 
boundaries in chemical-vapor—deposited 
graphene do not weaken the material. 

>> Science Podcast 


Unwinding of a Skyrmion Lattice 

by Magnetic Monopoles 

P. Milde et al. 

Magnetic force microscopy and Monte Carlo 
simulations elucidate the destruction of the 
skyrmion lattice in Fe, ,Co, Si. 


Measurements of Energetic Particle 
Radiation in Transit to Mars on the 
Mars Science Laboratory 

C. Zeitlin et al. 

The radiation dose on a round-trip to Mars 
could represent a large fraction of the 
accepted lifetime limit for astronauts. 

>> News story p. 1031; Science Podcast 


An Adaptive Response to Uncertainty 
Generates Positive and Negative 
Contrast Effects 

J. M. McNamara et al. 

Contrast effects, in which current behavior 
depends on past conditions, may be an 
adaptive response to uncertainty. 
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Functional Extinction of Birds Drives 
Rapid Evolutionary Changes in Seed Size 
M. Galetti et al. 

Local extinction of large fruit-eating birds 
selects for reduction of seed size in a tropical 
forest palm. 


Tracking Individuals Shows Spatial Fidelity 
Is a Key Regulator of Ant Social 
Organization 

D. P. Mersch et al. 

Monitoring of individually tagged worker ants 
revealed three distinct groups that greatly 
differ in behavior. 
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to Winter Temperature in Perennial 
Flowering of Arabis alpina 
S. Bergonzi et al. 


Molecular Basis of Age-Dependent 
Vernalization in Cardamine flexuosa 
C.-M. Zhou et al. 

MicroRNAs regulate perennial flowering. 


A Tumor Suppressor Complex with GAP 
Activity for the Rag GTPases That Signal 
Amino Acid Sufficiency to mTORC1 

L. Bar-Peled et al. 

A protein complex identified as a negative 
regulator of the mTORC1 protein kinase 
complex has tumor suppressor functions. 
>> Perspective p. 1056 


Impaired -TTP-PIPs Interaction Underlies 
Familial Vitamin E Deficiency 

N. Kono et al. 

Phosphatidylinositol phosphates may play 

a role in lipid-transfer protein-mediated 
vitamin E efflux from hepatocytes. 

>> Perspective p. 1051 


A Conserved Mechanism for Centromeric 
Nucleosome Recognition by Centromere 
Protein CENP-C 

H. Kato et al. 

The structural links between the chromosomal 
centromere protein CenH3 and the 
kinetochore protein CENP-C are determined. 


Structure of RSV Fusion Glycoprotein 
Trimer Bound to a Prefusion-Specific 
Neutralizing Antibody 

J. S. McLellan et al. 

The prefusion conformation of respiratory 
syncytial virus protein F has been trapped 
by a neutralizing antibody. 
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The Mars Science Laboratory spacecraft containing the Curiosity rover, was launched from Earth 


Going 
to Mars 


in November 2011 and arrived at Gale crater on Mars in August 2012. Zeitlin et al. (p. 1080) 


report measurements of the energetic particle radiation environment inside the spacecraft dur- 
ing its cruise to Mars, confirming the hazard likely to be posed by this radiation to astronauts 
on a future potential trip to Mars. Williams et al. (p. 1068, see the Perspective by Jerolmack) 
report the detection of sedimentary conglomerates (pebbles mixed with sand and turned to 
rock) at Gale crater. The rounding of the rocks suggests abrasion of the pebbles as they were 


transported by flowing water several kilometers or more from their source. 


Building Better Vaccines 


Vaccines are one of the most effective tools to 
protect against infectious diseases. Unfortunately, 
vaccines for diseases with the highest global 
health burdens, such as HIV, malaria, and 
tuberculosis, are not yet available. Koff et al. 

(p. 1064) review the latest advances in vaccine 
development and why these particular diseases 
remain such a challenge. Respiratory syncytial vi- 
rus (RSV) is a serious cause of morbidity and mor- 
tality in infants and young children worldwide. 
Although a prophylactic antibody is available for 
children at high risk, a vaccine is much needed. 
As a potential step toward this goal, McLellan 

et al. (p. 1113, published online 25 April) solved 
the cocrystal structure of a neutralizing antibody 
(D25) bound to the prefusion F protein of RSV. 
Knowledge of the structure of the prefusion pro- 
tein should help to guide vaccine design and the 
development of additional therapeutics. 


Independent Chiral 
Catalysts 


Synthetic catalysts can be prepared in their 
mirror-image form and thereby furnish the 
mirror-image (enantiomer) of the reaction 
product. In practice, however, this versatility is 
largely limited to products featuring a single 


www.sciencemag.org SCIENCE 


stereocenter that accounts for the dissymmetry. 
Krautwald et al. (p. 1065; see the Perspective 
by Schindler and Jacobsen) now report a pair 
of chiral catalysts—an iridium complex and 

an amine—that operate in concert to facilitate 
carbon-carbon bond formation, while retain- 
ing independent stereoselectivity toward their 
respective sides of the bond. 


Multiple Inputs to Flowering 


Perennial plants need to cycle through an 
extended vegetative phase, in a process known 

as vernalization, before they initiate flowering. 
Bergonzi et al. (p. 1094) and Zhou et al. 

(p. 1097) studied how molecular signals translate 
environmental information—such as exposure 

to a winter season or changes in daylength and 
physiological information, such as age of the 
plant—into signals that promote flowering. In 
both Arabis alpina and Cardamine flexuosa, age 
and vernalization pathways are integrated through 
the regulation of microRNAs miR156 and miR172. 


It's an Ant’s Life 


Eusocial insects live in highly organized societies 
where groups of individuals carry out specific 
tasks; for example, caring for the eggs, clean- 
ing the nest, or foraging, which might suggest 
the presence of an advanced form of organiza- 


VOL 340 31 MAY 2013 


EDITED BY STELLA HURT 


tion, similar to what might be expected from 


| more cognitively advanced species. Mersch et 


al. (p. 1090, published online 18 April) tracked 
individual ant movements and interactions to 
show that their precise social organization results 
from temporal changes in the spatial location of 
workers. As they aged, ants largely progressed 
from being nurses located near the queen, to 
nest cleaners who move throughout the colony, 
and finally to foragers moving in and out at the 
colony edges. 


| Graphene Staying Strong 


Although exfoliated graphene can be extremely 


| strong, it is produced on too small a scale 


for materials application. Graphene can be 
produced on a more practical scale by chemi- 
cal vapor deposition, but the presence of grain 
boundaries between crystallites apparently 
weakens the material. Lee et al. (p. 1073) show 
that postprocessing steps during the removal 

of the graphene sheets can oxidize the grain 
boundaries and weaken them. If these steps are 


avoided, the material is comparable in strength 
| to exfoliated graphene. 


The Birds and the Seeds 


When species are lost from ecosys- 
tems through local extinction, the 
pattern of ecological interactions 
changes. Galetti et al. (p. 1086) 
show how the loss of large fruit- 
eating birds from tropical forest frag- 
ments in Brazil affects the reduction 
of seed size in a palm species. A data 
set was compiled that consisted of 
>9000 seeds measured in 22 popu- 
lations over a large area of Atlantic rainforest, 
including seven areas where large-seed dispersers 
(toucans, cracids, and large cotingas) were extinct 
and 15 areas where they are still common. 


Hedgehogs, Whirls, 
and Zippers 


Topologically ordered materials at certain 
ranges of temperature and magnetic field can 
form a regular lattice of magnetic whirls called 
skyrmions. Milde et al. (p. 1076) studied the 
destruction of a skyrmion lattice with varying 
magnetic fields by imaging the surface magnetic 
structure. Magnetic force microscopy revealed a 
pairwise merging of skyrmions on the surface. 
Furthermore, in the bulk, a hedgehog-like spin 
structure with the properties of the elusive mag- 
netic monopole was needed to “zip” together 


| the corresponding skyrmion lines. 
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Bruce Alberts is Editor- 
in-Chief of Science. 


After 5 Years at Science 


THIS EDITORIAL, WRITTEN AS | COMPLETE MY TERM AS EDITOR-IN-CHIEF OF SC/ENCE, PROVIDES AN 
opportunity to reflect on the role of science in human societies. As the president of the U.S. 
National Academy of Sciences from 1993 to 2005, I came to realize that science is much more 
important for the world than most scientists suspect.* The scientific values of honesty, respect 
for evidence, openness, and tolerance are critical for every nation. And scientific approaches 
to problem-solving are essential everywhere for meeting a huge range of societal challenges. 
Those challenges have formed the basis for many special issues of Science magazine, including 
those published in the past few years on Science Education, Working with Waste, Disease Pre- 
vention, HSN1, Human Conflict, Food Security, and Population. 

It is fitting that these reflections coincide with the current issue on India: Science for All. 
India’s first prime minister, Jawaharlal Nehru, wisely worked to create both the strong base 
for science and technology and the “scientific temper” that he believed 
necessary to ensure the success of his populous, highly diverse democ- 
racy. Through many visits to India, I have become aware of the large 
number of innovative experiments under way aimed at harnessing sci- 
ence and technology to improve the livelihoods of the more than 400 
million Indians who live in extreme poverty—one-third of the world’s 
poor. Several of India’s most prestigious scientific institutions have long 
been engaged in projects targeting sustainable technologies, including 
the Indian Institute of Science in Bangalore. And in a visit last month 
with our News team, I learned about promising projects pioneered 
by the Indian Institute of Technology Madras, the M.S. Swaminathan 
Research Foundation, and others (see p. 1032). 

Similar experiments are attempting to harness science and technol- 
ogy for poverty reduction in other nations. As in India, some have been 
successful, but many others have failed. It is unfortunate that the world 
lacks efficient mechanisms for learning from these experiments—especially from failures, 
where perhaps the most can be learned—so as to create the type of ever-improving knowledge 
base that underlies the sciences. Instead, those in charge of projects aimed at benefiting the poor 

often feel forced to claim victory. Thus, the failures that should gener- 


@ n | | n a ate profound learning experiences are often hidden in ways that prevent 
4 any honest analysis. 
sciencemag.org The good news is that new centers are emerging that focus on “sci- 


WB Podcast interview ” 
S with author Bruce CC® and technology for poverty” on the campuses of some of the lead: 


Alberts (http://scim.ag/ ing U.S. universities. These reflect a strong interest of outstanding 
ed_6136). young scientists and engineers, as well as many prominent faculty, in 

confronting these challenges. How might such institutions in industrial- 
ized nations help connect everyone with similar goals across the globe to create a new “‘science 
of sustainable poverty reduction’”? What roles might scientific societies and academies play in 
such a movement? How could scientific journals contribute? 

Science provides a powerful approach to cooperative problem-solving. There is an enormous 
amount yet to be discovered, and it is energizing to be faced with such great opportunities for 
further progress. Personally, I shall focus on some of the opportunities for invigorating science 
education that have been featured in Science throughout my term as Editor.t 

Iam extremely pleased to leave Science in the hands of Dr. Marcia McNutt, an outstand- 
ing geophysicist and institution builder who becomes the new Editor-in-Chief next month. She 
inherits a very talented and dedicated staff, whom I sincerely thank for all that they have done 
over the past 5 years to advance our common mission of spreading the knowledge and spirit of 
science around the globe. 

— Bruce Alberts 
10.1126/science.1240945 


*http://biochemistry.ucsf.edu/labs/alberts/nas.html. * www.sciencemag.org/site/collections/online/special. 
twww.sciencemag.org/site/extra/education/ (this site is open access, not requiring a subscription to Science). 
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ECOLOGY 


Secrets of Long Life 


The accumulation of reactive oxygen species (ROS) causing oxidative stress is well 
known as one of the factors associated with senescence, particularly in animals. 
Oxidative stress has also been shown to be associated with senescence in plant 
organs (leaves and flowers). However, much less is known about its potential 
for affecting the senescence of whole plants, especially longer-lived perenni- 
als. To address this gap, Morales et al. studied photo-oxidative stress mark- 
ers in an exceptionally long-lived herbaceous species, Borderia pyrenaica, 
which inhabits scree slopes in the Pyrenees and reaches ages of more than 
three centuries. The markers of oxidative stress were measured in both male 
and female plants over an age range of 1 to 245 years. None of the markers 
showed any signs of deterioration in older plants and were even enhanced 
in some aged female plants. Though it is possible that intrinsic physiologi- 
cal stress mechanisms exert their effects at even greater ages beyond those 
addressed in this study, mortality in this species—and perhaps in other small, 
long-lived perennials—may ultimately depend more on extrinsic factors such as 
pathogens, physical disturbances, and climatic extremes. — AMS 


DEVELOPMENTAL NEUROSCIENCE 


To Fold or Not to Fold 


The surface of the normal human brain is 
characterized by deep and complex folds. Ferret 
brains are similarly gyrencephalic, whereas 
mouse brains are smooth-surfaced, or lissen- 
cephalic. During development, proliferation of 
different subtypes of stem and progenitor cells 


shapes the brain surface. In order to understand 
the relative contributions of these different 
progenitor cell types, Nonaka-Kinoshita et al. 
manipulated the proliferation of these cells at 
different times during the brain development of 
mice and ferrets. Mice with an excess of basal 
progenitors had thicker brain layers but, despite 
an increase in brain surface area, the surface 
remained smooth. In contrast, ferrets with excess 
progenitor activity developed more brain folds 
than control mice. In both species, neuronal 
specification and the structure of brain layers 
remained normal. Thus, the brain's surface area 
and the amount of folding may be regulated by 
progenitor activity, but the distinction between 
lissencephalic or gyrencephalic brains is not 
simply due to the number of progenitors. — PJH 
EMBO J. 10.1038/emboj.2013.96 (2013). 


J. Ecol. 101, 555 (2013). 


ASTRONOMY 
A New River in the Sky 


Stellar streams are found throughout the 
outskirts of our galaxy. They are thought to be 
disrupted dwarf satellite galaxies or clusters of 
stars and are proof that the Milky Way formed 
in part by accreting smaller collections of stars. 
Based on data from two different all-sky surveys, 
Grillmair et al. have found a new, 
24°-long, stellar stream running 
through the southern constel- 
lations of Phoenix, Eridanus, 
Hydrus, and Tucana. Named 
Alpheus, after the river in Homer's 
Iliad, this stream is estimated 
to be about 6200 light-years 
away—much closer than the 
stellar streams found so far in our 
galaxy. It is likely that Alpheus is associated with 
the globular cluster NGC 288, a family of stars 
that is thought to be in the process of breaking 
apart. If this is the case, further characterization 
of the stream will enable better modeling of the 
orbit of NGC 288. — MJC 

Astrophys. J. 769, L23 (2013). 


NEUROSCIENCE 
Lingering Pain 


Neuropathic pain results from injury or disease 
in the nervous system and is estimated to affect 
more than 2 million people in the United States. 
The pain can linger, but the mechanisms for 
such persistence are not well defined. Qiu et al. 
studied a mouse model in which injury to a 
peripheral nerve caused behavioral effects that 


lasted for weeks, in which mechanical stimuli 
that were normally not noxious would cause pain. 
They looked for effects of this treatment in a 
brain region called the insular cortex. This region 
is implicated in pain sensation, and direct stimu- 
lation of the insular cortex in humans causes 
pain sensation. The authors found that signaling 
responses to neurotransmitters were altered in 
animals that had experienced the nerve injury. 
Neurotransimitter receptors activated by NMDA 
(N-methyl-p-aspartate) were phosphorylated on 
tryrosine residues and accumulated in synapses 
of the insular cortex. The injection of inhibitors 
of NMDA receptor signaling into the insular cor- 
tex decreased the hypersensitivity to pain in the 
treated mice. Such insights may help direct new 
therapeutic approaches to managing neuropathic 
pain. — LBR 

Sci. Signal. 6, ra34 (2013). 


OCEAN SCIENCE 
Mysterious Rise 


The concentration of atmospheric carbon dioxide 
(CO,) rose from about 180 parts per million by 
volume (ppmv) to 280 ppmv between the end of 
the Last Glacial Maximum and the Holocene. It is 
widely believed, largely based on measurements 
of the “C in the CO, of air trapped in polar ice 
and of forams from marine sediments, that the 
atmospheric CO, rise was caused in large part 
by ventilation of old, CO,-rich water from the 
deep Southern Ocean. Tessin and Lund analyzed 
another isotope of carbon, #C, to show that 

the mid-depth waters along the Brazil Margin 
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underwent an abrupt change in their inventories 
of 8C during the initial 30-ppmv increase in CO, 
between about 17,000 and 16,000 years ago. 
These data, collected from analyses of plankton- 
ic forams in marine sediments, in conjunction 
with data on the oxygen isotopic composition 
of these waters, suggest that two distinct water 
masses must have influenced the mid-depth 
Atlantic Ocean during that interval and that a 
previously unrecognized source of carbon out- 
side of the ocean-atmosphere system may have 
been involved. The authors also inferred that the 
release of carbon into the atmosphere from a 
reservoir depleted in °C must have been a key 
trigger of the last deglaciation. — H]S 
Paleoceanography 10.1002/palo.20026 (2013). 


CHEMISTRY 
Tiny Cocktails 


The effective treatment of many diseases, espe- 
cially cancer and AIDS, requires the synergistic 
interaction of several drugs; their delivery is of- 
ten referred to as a “cocktail.” Although several 
drugs can be combined into one delivery agent, 
the different rates of systemic uptake, solubility, 
and clearance make it challenging to deliver 

all of the drugs simultaneously. Windbergs et 


al. have used a microfluidic platform to create 
core-shell particles in which a hydrophobic drug 
(paclitaxel) forms the shell and a hydrophilic 
drug (doxorubicin hydrochloride) is carried in 
the core. The particles, which have an overall 
jameter of less than 100 pm, were made with 
two glass capillaries drawn to fine tips inside a 
microfluidic channel. The finer capillary (with 
an ~20-ym opening) held an aqueous solution 
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of the core drug on the inside, and the fluid 
outside this capillary carried the shell drug 
dissolved in a food-grade lipid. This capillary tip 
pointed toward the opening of a wider tip (with 
an ~100-ym opening) facing the opposite direc- 
tion. The action of a third solvent (a solution 
of polyvinyl alcohol in water) on the outside of 
the larger capillary drew in both fluids from the 
smaller one and created the core-shell droplets. 
The particles were stable upon drying and could 
be processed to form free-flowing powders. The 
viability of the drugs was confirmed in testing 
on immortalized human cervical cancer cell 
lines. Delivery in the body can be tuned by us- 
ing a lipid that melts near body temperature or 
by relying on lipid degradation in the gastroin- 
testinal tract. — PDS 

J. Am. Chem. Soc. 10.1021/ja401422r (2013). 


NEUROSCIENCE 
Fasting Protects the Brain 


Fasting has been shown to slow aging in a num- 
ber of species. Caloric restriction acts on many 
different cell types and tissues and, importantly, 
also on the brain. There, it leads to a slowing- 
down of age-associated pathologies, such as 
brain atrophy or loss of synaptic plasticity. 
Moreover, in several animal models, 
a reduced consumption of calories 
seems to protect against cogni- 

tive deficits such as memory loss. 
However, it is not known whether 
caloric restriction can delay the be- 
ginning of neurodegeneration. The 
mechanisms underlying these ob- 
servations are also largely unclear. 
In experiments using genetically 
modified mice, Graff et al. found 
that caloric restriction effectively 
delayed the onset of neurodegen- 
eration and preserved structural 
and functional synaptic plasticity 
as well as memory capacities. Fast- 
ing activated the expression and 
activity of the nicotinamide adenine 
dinucleotide (NAD)—dependent 
protein deacetylase SIRT1, a known 
promoter of neuronal life span. 
Surprisingly, this effect of reduced 
consumption of calories could be mimicked by 
a small-molecule SIRT1-activating compound. 
Mice treated with this substance recapitulated 
the beneficial effects of caloric restriction 
against neurodegeneration-associated patholo- 
gies. If this mechanism also applies to humans, 
SIRT1 may represent an appealing pharmacolog- 
ical target against neurodegeneration. — PRS 


J. Neurosci. 33, 8951 (2013). | 
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New Biotech Center on Merck Site 


Billionaires Hansjérg Wyss and Ernesto 
Bertarelli—ranked by Forbes as the rich- 
est men in Switzerland—have bought the 
former building of drug company Merck 
Serono in Geneva, where they plan to 

set up a biotech research center with two 
local universities. The announcement, 
made on 22 May, 
was welcomed by 
Swiss scientists as a 
boon for the Geneva 
area. It comes about 
a year after Merck 
Serono said that it 
would close down its 
Geneva headquarters 
and relocate R&D 
activities to Germany, 
the United States, 
and China. 

On 28 June, 
Merck Serono will 
hand over the prop- 
erty to a consortium 
called Campus Bio- 
tech, made up of the 
Bertarelli family, the Wyss Foundation, 
the University of Geneva (UNIGE), and 
the Swiss Federal Institute of Technology 
in Lausanne (EPFL). The Campus Bio- 
tech project includes the creation of Wyss 
Institute for Bio- and Neuro-Engineering, 
which will receive $103 million from 
the Wyss Foundation and will be mod- 
eled after a similar center for biologically 
inspired engineering that Wyss funded at 
Harvard University. (On 21 May, that insti- 
tute announced that Wyss had doubled his 
gift, from $125 million to $250 million.) 
http://scim.ag/Swissbiotech 


Bertarelli 


Brain Imaging Lab 

Leaves UCLA for USC 

Over 80 neuroscientists at the University 
of California, Los Angeles (UCLA), will 
pack up their sophisticated brain scanners 
and hefty portfolio of private and public 
grants this fall when the $12 million Labo- 
ratory of Neuro Imaging moves across 
town to the University of Southern Cali- 
fornia (USC) Keck Medical Center. Led 
by neuroscientists Arthur Toga and Paul 
Thompson, who announced their decision 


Earliest Birdie? 


to leave UCLA last week, the lab will get 
powerful new neuroimaging tools; larger, 
customized laboratory space; and more 
financial support from the well-heeled pri- 
vate university. 

Statewide financial troubles, which 
have plagued the University of California 
system for years, combined with waning 
federal funding for “big” neuroscience 
research projects, influenced Toga’s deci- 
sion to move the lab to USC, he says. “You 
have to consider that when you protect 
your program.” 

Toga and Thompson did not provide 
UCLA an opportunity to make a counter- 
offer. UCLA Chancellor Gene Block 
expressed pride in the lab’s accomplish- 
ments and disappointment about its depar- 
ture, but stressed his university’s continued 
investment in neuroscience. “The departure 
of one lab will not diminish our impact.” 


No Coronavirus Hoarding, 
Scientists Say 

At last week’s World Health Assembly, the 
annual meeting of the world’s health min- 
isters, Saudi Deputy Health Minister Ziad 
Memish complained that intellectual prop- 


Nearly all paleontologists agree that birds descended from dinosaurs, but spotting 
that crucial evolutionary transition in the fossil record has been difficult—especially 
because the ancestors of the earliest birds were feathered dinosaurs, some of which 
could even fly. Researchers, reporting in this week's issue of Nature, now claim that 
this beautifully preserved, 170-million-year-old skeleton from China's fossil-rich Lia- 
oning province, dubbed Aurornis xui, is the earliest known-for-sure bird. If that’s cor- 
rect, its discovery also could help resolve the controversial evolutionary heritage of 
several other claimed early birds, including the famous Archaeopteryx, whose avian 
status has recently been challenged (Science, 29 July 2011, p. 511). 
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Random Sample 


Teachable Science in 
Popcorn SciFi 

In the new Will Smith flick After 
Earth, 60 years from now human 
activities have altered the plan- 
et’s climate to the point where 
Earth is uninhabitable, prompt- 
ing the remaining humans to 
flee to a distant world. It’s a 


storyline that might appeal to scientists—an ecological fable with a stark moral about humans’ 


impact on the planet. 


But from a scientific standpoint, After Earth quickly goes off the rails. Fast forward 1000 


years, when Will and son Jaden crash-land on Earth and find that it has become not only 
uninhabitable but downright hostile. “Everything on Earth has evolved to kill humans,” note 
the After Earth press materials. Cue the eye-rolls from scientists at that evolutionary “goal.” 
Other eye-rolling opportunities include radical day-night temperature shifts in a rainforest 
(“You literally see the jungle freeze over,” says After Earth writer Gary Whitta), and plate tecton- 
ics gone mad (in just 1000 years, Africa and South America have recollided). 

“What we're presenting in the movie is grossly exaggerated,” Whitta acknowledges. Science 
fiction, he says, requires “healthy doses” of both science and fiction. 

But Whitta also points to the movie's ecological message—and yes, thinking about it that 
way, the movie has teachable moments, says biologist and science educator Joseph Levine 
of the Organization for Tropical Studies in Costa Rica. Levine, at the behest of Sony Pictures, 
devised an After Earth-inspired educational curriculum that delves into the actual science 
behind human impacts on the planet, including climate change, biodiversity, and land-use 
changes (http://www.lifeafterearthscience.com). 

“Obviously, scientists are not going to agree that there is going to be a sudden crisis,” Levine 
says. But like the much-maligned The Day After Tomorrow, which increased public awareness of 
climate change, he notes, any movie with a scientific premise is an opportunity for scientists to 


grab an interested audience's attention to counter the wealth of misinformation online. 


IDATION (3) 


erty considerations were slowing down the 
wi development of diagnostic tests for Middle 
¢ East respiratory syndrome coronavirus. 

g The virus has sickened 49 people and 

w killed 24 since it surfaced last year. “No 

'; IP intellectual property should stand in 

a the way of you, the countries of the world, 
& to protect your people,” agreed Margaret 

a Chan, director-general of the World 

@ Health Organization, according to Agence 
® France-Presse. 

<  Butscientists working with the virus 

2 say the criticism is unjustified. Virologist 

8 Ron Fouchier’s group at Erasmus MC in 

5 Rotterdam, the Netherlands, identified the 
g coronavirus last June after receiving a sam- 
5 ple from Ali Zaki, an Egyptian doctor at 

3 the Dr. Soliman Fakeeh Hospital in Jeddah, 
© Saudi Arabia. Fouchier’s group has shared 
e the virus with labs that sign a “fairly stan- 
5 dard” material transfer agreement (MTA), 
5 says David Fidler, a legal scholar at Indiana 
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University, Bloomington. “There is nothing 
here ... that’s unusual or highly restrictive.” 
http://scim.ag/coronhoard 


NEWSMAKERS 
Cycles, Stats Earn Shaw Prizes 


Rhythms, instabilities, and statistics are 
the focus of this year’s Shaw prizes. The 
discovery of the molecular mechanisms 


underlying circadian rhythms nets the prize 
in life science and medicine for Jeffrey 
Hall of the University of Maine, Orono; 
Michael Rosbash of Brandeis University; 
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and Michael Young of the Rockefeller Uni- 
versity. Steven Balbus of the University of 
Oxford and John Hawley of the Univer- 
sity of Virginia are sharing the astronomy 
award for their work on magnetorotational 
instability, a concept describing the tur- 
bulence of astrophysical accretion disks. 
Stanford University’s David Donoho earns 
the mathematical sciences award for the 
development of optimal algorithms for 
statistical estimation. Hong Kong media 
entrepreneur and philanthropist Run Run 
Shaw established the Shaw Prize in 2002. 
Each prize carries a $1 million award. 
http://scim.ag/Shaw2013 


FINDINGS 
Fighting Flu With 
Ready-Made Antibodies 


When faced with a pandemic, is there a way 
to sidestep the time-consuming process of 
influenza vaccine development and deliv- 
ery? Gene therapy pioneer James Wilson 
and co-workers have an idea: Squirt genes 
for the antibodies up people’s noses. 

Wilson, who works at the University of 
Pennsylvania, describes in the 29 May issue 
of Science Translational Medicine how he 
and his team engineered a harmless adeno- 
associated virus (AAV) to carry a gene 
for an unusual antibody that attacks many 
variants of the influenza virus. When they 
delivered the AAV into the noses of mice 
and ferrets, it infected epithelial cells and 
produced “broadly neutralizing antibod- 
ies.” The team then exposed the animals to 
a range of flu viruses—and in most cases, 
they did not develop disease. “It’s an excel- 
lent study,” says immunologist Antonio 
Lanzavecchia, whose group at the Institute 
for Research in Biomedicine in Bellinzona, 
Switzerland, isolated the antibody used in 
the experiment. 

Lanzavecchia, who notes that 
Wilson’s work builds on studies done by 
AIDS researchers, says a critical limita- 
tion is that the vector seems capable of 
producing high levels of antibodies for 
only a month or two. That means protec- 
tion against an influenza pandemic could 
require multiple doses. 


recaieed LIVE | 


Join us on Thursday, 6 June, at 3 p.m. EDT for 
a live chat with astronaut Buzz Aldrin on 
Mars travel. http://scim.ag/science-live 
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Review of Cloning Paper 
Prompts Questions 


Nearly 8 years after a massive fraud perpe- 
trated by South Korean stem cell research- 
ers, the embryo cloning breakthrough they 
claimed was back in the news this month. 
A different group published a paper report- 
ing that they had cloned human embryos and 
derived stem cells from them. But incred- 
ibly, the new paper has come under scrutiny 
itself for duplicated images. 

So far there’s no indication that the recent 
work, by a well-respected 
Oregon-based team that 
studies primate cloning, is 
fraudulent or even wrong. 
“Tt was just an honest mis- 
take,” says the study’s 
senior author, Shoukhrat 
Mitalipov of the Ore- 
gon National Primate 
Research Center in Bea- 
verton, speaking of a pair 
of image mix-ups. The first 
author, lab member Masa- 
hito Tachibana, is “dev- 
astated,” Mitalipov says. 
But he and his colleagues 
are confident that the work 
will stand up to scrutiny, 
he says. The cell lines 
that his team derived are 
being distributed to other 
labs, which he expects will 
soon confirm the results. 
Mitalipov’s paper, published online on 15 
May by Cell, used cloning to create personal- 
ized human embryonic stem (ES) cells from 
human skin cells (Science, 17 May, p. 795). 

The errors—several images in the paper 
appeared more than once under different 
labels—are another black mark on how 
high-profile papers are vetted, or not, before 
being published. They raise troubling ques- 
tions that have dogged scientific publishing 
for years. For instance, how much respon- 
sibility do journals and reviewers bear for 
detecting problematic images in papers, 
whether honest errors or not? How is it pos- 
sible that the very same result that unraveled 
so spectacularly in 2005 was not exhaus- 
tively reviewed when it was submitted for 
publication a second time? 


Cell issued a statement the day after an 
anonymous commentor posted about the 
problem. The journal admitted to “some 
minor errors made by the authors.” And it 
defended its unusually quick review; the 
research was formally submitted on 30 
April and accepted on 3 May. In an e-mail to 
Science, the editor-in-chief of Cell, Emilie 
Marcus, writes that “the reviewers returned 
their comments quite rapidly and given their 


Double trouble. Several 
images were used twice, 
and one set (below) was 
mislabeled in a paper 
describing human cloned 
embryos by Shoukhrat 
Mitalipov (left) and his 
colleagues. 


recommendations for acceptance, with our 
focus on author service and because of the 
interest and importance of the work, we 
then decided to take special efforts to keep 
the delay between acceptance and publica- 
tion to a minimum to reduce the likelihood 
that the findings would come out first in the 
popular press.” 

That desire to snag the hottest of hot 
papers, and bask in their limelight, is often at 
odds with what it takes to fact-check them as 
thoroughly as possible. “These things hap- 
pen,” says Robin Lovell-Badge, a stem cell 
researcher at the MRC National Institute 
for Medical Research in London, though he 
notes that time pressure raises the chance 
that mistakes will slip through. “I think 
the fault lies with the combination of the 


authors, the editors, and the reviewers. It’s 
been missed by three sets of people,” Lovell- 
Badge says. 

Inconsistencies in the Mitalipov paper 
first surfaced on 22 May on PubPeer, a 
site for postpublication peer review where 
commenters can describe concerns about a 
paper and authors can respond. Although it’s 
hardly the first time that anonymous voices 
on the Internet have proven critical, “I don’t 
think we should be relying on the crowd to be 
policing” research papers, says Hany Farid, 
a computer scientist at Dartmouth College 
who is working to commercialize software 
that can detect duplicated images and other 
manipulations. Reviewers are already “over- 
burdened,” and Farid believes it’s the jour- 
nals that must take this on. 

At Science, which in 2004 and 2005 pub- 
lished the stem cell work by South Korean 
scientist Woo-Suk Hwang that turned out 
to be fraudulent, Executive Editor Monica 
Bradford says that she empathizes with her 
counterparts at Cell. “I know what position 
they’re in. You go from this amazing high ... 
to ‘Oh my God.’ ... You feel like, “How did 
we make these mistakes?’ ” 

Bradford was at Science during the 
Hwang debacle and 
was interviewed 
at the time by the 
authors of this arti- 
cle about the jour- 
nal’s response. The 
Hwang fraud, she 
says now, had a last- 
ing impact. Science 
commissioned an 
external report led 
by Stanford Uni- 
versity chemist 
John Brauman to examine what it might 
do differently in the future. “It is essential 
to develop a process by which papers that 
have the likelihood of attracting attention 
are examined particularly closely for errors, 
misrepresentation, deception, or outright 
fraud,” wrote the authors of the Brauman 
report, as it was called. 

After the Hwang case, which involved 
deliberate image manipulations, Science 
began checking all figures in papers at the 
revision stage and launched previously 
planned routine analysis of images using 
Photoshop software. “My level of trust is 
way different than when I started this job,” 
Bradford says. “In the area of stem cells 
we’ve been very cautious, maybe too cau- 
tious.” But other papers that later were dis- 
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credited have continued to slip through, such 
as work claiming that a virus called XMRV 
causes chronic fatigue syndrome. It was 
later retracted. “It’s like whack-a-mole. We 
keep trying,” Bradford says, “but we are far 
from perfect, so that’s why I really have sym- 
pathy for Cell.” 

The software that Science and some other 
journals use isn’t designed to detect dupli- 
cated images, although it can make them 
easier to spot. Rather, it reveals various inap- 
propriate modifications made to an image to 


U.S. IMMIGRATION POLICY 


enhance it. Marcus declined to say whether 
Cell uses image analysis technology. In 
2006, she expressed reluctance to cast blan- 
ket suspicions in a story in The New York 
Times about screening images. “Why say, 
“We trust you, but not in this one domain?’ 
And I don’t favor saying, ‘We don’t trust you 
in any,” Marcus told the 7imes reporter. 
Stem cell scientists expressed dismay 
that their field is again under scrutiny. Some 
say that they are working hard to replicate 
Mitalipov’s results. Even if the image dupli- 


\ 
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cations and mislabelings are quickly cor- 
rected—as Cell and the authors say they’re 
working to do—Farid warns that cases like 
this one can ripple well beyond the labs 
parsing the cells. “Suddenly the public starts 
wondering what the hell we’re doing,” he 
says. It’s important and natural for science to 
move slowly, he says, perhaps especially so 
when the results seem remarkable. After all, 
Farid says, “This isn’t cable news.” 
—JENNIFER COUZIN-FRANKEL 
AND GRETCHEN VOGEL 


Visa Reform Advances in Senate as House Offers STEM Ideas 


Efforts to overhaul U.S. immigration policy 
often generate more show than substance. 
Last week, they produced both: a three-ring 
circus of activity that pushed reform ahead 
without deciding what Congress ultimately 
will do. 

Most attention focused on the U.S. Sen- 
ate, where a committee last week won 
bipartisan agreement on a path to citizen- 
ship for some 11 million undocumented 
immigrants. By a 13 to 5 vote, the panel on 
21 May approved a bill that also makes it 
easier for foreign-born scientists and engi- 
neers to live and work in the United States 
and taps visa fees to create new funding 
streams for STEM (science, technology, 
engineering, and mathematics) education 
and training programs aimed at providing 
more domestic workers with STEM skills. 
But members of the U.S. House of Repre- 
sentatives also shared the limelight. Repub- 
lican leaders demonstrated their piecemeal 
approach to immigration reform 
with a bill that would ease the 
entry of skilled foreign labor 
in ways that paralleled the Sen- 
ate legislation. And a bipartisan 
group of House members contin- 
ued work on a broader immigra- 
tion proposal that is expected to 
include STEM provisions. 

“We’re seeing a convergence 
on some policies that try to ... 
retain skilled STEM immigrants 
and improve STEM education,” 
says Scott Corley, executive 
z director of Compete America, 
2 a coalition of business and aca- 
2 demic groups that backs many of 
= the proposals. 

The overhaul effort faces 
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numerous obstacles, however. Some labor 
specialists, for example, worry that the Sen- 
ate bill does too little to protect U.S. STEM 
workers from immigrant competition. Provi- 
sions allowing more high-skill guest work- 
ers will “depress wages in STEM fields and 
put U.S. workers at a disadvantage,” predicts 
economist Hal Salzman of Rutgers Univer- 
sity in New Brunswick, New Jersey. 

Such complaints got limited traction as 
the Senate Judiciary Committee spent 5 days 
considering hundreds of proposed changes 
to a bipartisan proposal released last month 
(Science, 26 April, p. 415). In one move, the 
panel weakened rules designed to encourage 
U.S. high-tech companies to hire U.S. work- 
ers before turning to foreign guest workers 
on temporary visas known as H-1Bs. Sena- 
tor Orrin Hatch (R-UT), siding with high- 
tech companies in his state, said that the 
changes in hiring temporary workers—the 
bill would raise the annual H-1B ceiling 


Temporary fix. Senator Orrin Hate(R=UT) (center) won backing fonWeaker 
rules Oh.temporary visastovhigh-skill foreign workers. 


from 65,000 to 110,000—were needed to 
win his support in committee. But he said 
that he will take a fresh look when the mea- 
sure comes before the full Senate. 

The deal that Hatch struck with Sena- 
tor Charles Schumer (D-NY) displeased 
groups representing U.S. engineers and 
other skilled workers, who would prefer 
fewer H-1Bs. But STEM advocates wel- 
comed another Hatch amendment adopted 
by the panel that steers more visa fees— 
potentially tens of millions of dollars 
annually—to STEM programs funded by 
the U.S. Department of Education and run 
by states. They were also glad that sena- 
tors didn’t tinker with provisions that would 
automatically give a green card to a foreign 
student who earns an advanced degree from 
a US. university in all STEM fields. 

A narrower high-skill immigration bill 
introduced on 24 May by senior House 
Republicans includes similar provisions. 
Two differences are that it would 
allow more H-1Bs—155,000— 
and cap the number of green 
cards for foreign-born STEM 
graduates at 55,000. 

Such a standalone Repub- 
lican bill has little chance of 
winning Senate approval, how- 
ever. But it could help a biparti- 
san House group shape a more 
comprehensive immigration bill 
that might fly. But that draft is 
still under wraps, and months of 
negotiations have yielded only 
broad principles. The group says 
that it might have a bill ready 
next month, when the Senate is 
expected to act. 

-DAVID MALAKOFF 
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STEM CELLS 


Italian Parliament Orders €3 Million 
Trial of Disputed Therapy 


ROME—The Italian Parliament has decided 
that the administration of a controversial stem 
cell treatment for neurodegenerative diseases, 
provided by the Stamina Foundation in Turin, 
can continue—although on only a small scale. 
Lawmakers also ordered a formal clinical trial 
of the therapy and allocated €3 million to pay 
for it. The law, opposed by many stem cell sci- 
entists, became official after it was approved 
by Italy’s Chamber of Deputies on 20 May and 
by the Senate 2 days later. 

Although some patients say that they have 
benefited from the treatment, researchers 
contend that the Stamina Foundation’s ther- 
apy hasn’t been properly described, let alone 
shown to be effective; a 15 March open let- 
ter signed by 13 stem cell scientists compared 
it to “snake oil.’ Spending millions on a trial 
is “a waste of money,” contends Massimo 
Dominici of the University of Modena and 
Reggio Emilia, who is president-elect of the 
International Society for Cellular Therapy. 

But critics are relieved that the Italian 
government’s original proposal to make the 
therapy widely available has been amended 
(Science, 29 March, p. 1504). Under the new 
law, the therapy can be given to some 90 
patients already receiving it at a hospital in 
Brescia, but new patients must enroll in the 
trial. Cells used in the study must be produced 
under good manufacturing practice (GMP) 
standards; presently, they’re not. 

Scientific details about the treatment are 
hard to come by. The only available document 
is a 2010 US. patent application in which 
Stamina scientists describe how to transform 
mesenchymal stem cells, extracted from bone 
marrow, into neurons by culturing them and 
soaking them in retinoic acid and ethanol. The 


US. Patent and Trademark Office rejected 
the application because the method was not 
described clearly enough and because it was 
“unclear” how the chemical bath could coax 
stem cells to become neurons. 

Davide Vannoni, president of the Stam- 
ina Foundation and a psychology professor 
at the University of Udine, tells Science that 
the treatment is based on in vitro and preclini- 
cal studies by other groups using similar com- 
pounds, published in Russian and Chinese 
journals in the early 2000s. (He sent Science 
one paper on the condition that its details not 
be revealed.) Vannoni says that the cells can’t 
be produced under GMP standards because 
the companies that Stamina employs to pro- 
vide the culture media don’t adhere to GMP. 

Under existing Italian law, which complies 
with E.U. regulations, unproven stem cell 
therapies can be administered on a case-by- 
case basis to patients with untreatable, severe 
illnesses—but only in hospitals and under 
stringent conditions. Since 2011, Stamina has 
treated patients at the Spedali Civili, a public 
hospital in Brescia. 

But in May 2012, the Italian Medicines 
Agency (AIFA) halted the work after an inves- 
tigation identified irregularities. AIFA’s confi- 
dential report, which Science has obtained, 
says that at the time, 12 patients at the hospi- 
tal, including four children, had received the 
treatment for diseases such as spinal muscu- 
lar atrophy, Alzheimer’s, and Parkinson’s. The 
report states that doctors who prescribed and 
injected the cells didn’t know exactly what the 
treatment consisted of; they believed that the 
information was proprietary. “The adminis- 
tration of an unknown compound would not 
be admissible in a hospital if this is what has 


Making their case. Pro-Stamina rally in Rome. 


happened,” says Francesca Pasinelli, director- 
general of Telethon, a nonprofit foundation 
for research on genetic diseases. 

The report also states that the hospital’s 
ethical committee approved the therapies 
without making a proper risk-benefit assess- 
ment, as required by law—a characterization 
that Vannoni disputes—and that treatment 
protocols were unclear: Apparently, Stamina 
used the patients’ own bone marrow cells in 
some cases, but in others, it took those of a 
family member, a nonrelated donor, or even 
another patient, the report says. Treatment 
outcomes have not been published; parents 
of some patients told an Italian TV show that 
their children’s conditions had improved. 

At AIFA’s request, Dominici tried to rep- 
licate Stamina’s recipe for producing neurons 
using cells seized by AIFA and Italian police 
during the lab inspection and following the 
methodology in the patent application. “We did 
not see any differentiation of those cells into 
neurons,” he says. One of the two seized sam- 
ples contained a significant number of immune 
cells, he says, which could trigger dangerous 
reactions if injected into someone other than 
the donor. Vannoni says that the cells had yet 
to undergo a second procedure to remove con- 
taminants. “The treatment is safe and does not 
trigger immune reactions,” he claims. Spedali 
Civili officials declined to comment. 

The hospital and Stamina have appealed 
the decision to halt the treatments to Brescia’s 
Administrative Court, arguing that AIFA’s 
investigation wasn’t properly conducted; a 
ruling is expected in November. Meanwhile, 
however, patients have pressured the govern- 
ment and Parliament to step in. 

The clinical trial, to be conducted regard- 
less of the outcome of the court case, will be 
led by AIFA and two other government insti- 
tutes. Designing a protocol will be tricky, 
says Paolo Bianco of the Sapienza University 
of Rome. “One must assume that there is no 
Stamina method,” he says, because “there’s no 
published account.” 

The case highlights a problem in the E.U. 
regulation on stem cells and other advanced 
therapies, Dominici says. European rules 
allow the “hospital exemption” used by Stam- 
ina in Brescia; a European Commission con- 
sultation, published last week, shows that 
countries have implemented the exemption 
in different ways. This is almost an invitation 
to “dodgy stem cell companies” to operate in 
countries where hospital exemption rules are 
lacking or unclear, Dominici says. “This has 
to be prevented.” -LAURA MARGOTITINI 
Laura Margottini is a writer in Rome. 
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Divided Loyalties Land Scientists in Hot Water 


BEIJING—As the old saying goes, it’s 
hard to serve two masters. Three Chinese 
researchers at New York University (NYU) 
were charged last week with taking bribes 
from a company and a government-funded 
lab in China. One of them was also accused 
of falsifying records in an application for 
a $3 million grant from the U.S. National 
Institutes of Health (NIH). A U.S. attor- 
ney labeled the defendants at NYU “foxes 
in the henhouse.” But many in the Chinese 
scientific community think that the three 
scientists may instead be guilty of a lesser 
offense of foolishly trying to two-time their 
employer. 

On 20 May, the U.S. Federal Bureau of 
Investigation and the U.S. Attorney in Man- 
hattan filed charges of “commercial brib- 
ery conspiracy” against Yudong Zhu, 44, an 
accomplished electrical engineer, and Xing 
Yang and Ye Li, both 31 and research engi- 
neers in Zhu’s lab. The trio, who studied 
ways to enhance the imaging capabilities 
of MRI technology, are accused of obtain- 
ing “financial benefits” from a Chinese 
company in exchange for acquiring “‘cer- 
tain research and non-public information 
at the US-based university that employed 
them,” charged FBI Special Agent Michael 
J. Weniger in the unsealed complaint. NYU 
Langone Medical Center, where the three 
worked, issued a statement saying that it 
was “deeply disappointed” by the news but 
could not comment because the investiga- 
tion is ongoing. 

The case highlights the pitfalls of what 
Chinese call “attempting to straddle two 
boats.” Thanks in large part to China’s 
stepped-up recruitment efforts, it’s increas- 
ingly common for scientists like Zhu to 
hold dual posts, says Cong Cao, an expert 
on Chinese science policy at the University 
of Nottingham in the United Kingdom. In 
such arrangements, he says, “sooner or later 
there are going to be conflicts.” 

Zhu was a rising star in 2008 when the 
NYU center recruited him from General 
Electric’s Global Research Center in Niska- 
yuna, New York, to work on parallel MRI 

z technology, a way to increase the speed of 
image acquisition. A 2008 press release 
announcing his appointment boasted, 
“NYU Langone Medical Center contin- 
ues to attract the best and brightest faculty 
8 from around the world.” But around 2011, 

e Zhu took up “undisclosed affiliations” in 
5 China, according to the FBI complaint. He 


OURTESY OF JIAN HAI 


allegedly did not inform the university that 
he was involved with the Chinese medical 
imaging company United Imaging Health- 
care in Shanghai and the Shenzhen Insti- 
tutes of Advanced Technology (SIAT). 

Zhu’s troubles began in 2010, when he 
won a 5-year NIH grant to advance MRI 
capabilities by using higher magnetic field 
strengths. In the first 3 years, Zhu and his 
team received $2.1 million for the research, 
which the FBI alleges directly “impacted” 
the value of a U.S. patent that he 
holds on an MRI technology. The 
US. attorney charged Zhu with “fal- 
sification of records” over his failure 
to disclose his patent to NYU. The 
Chinese lab and company, mean- 
while, were pursuing similar research 
with Chinese government funding. 

In 2011 and 2012, Zhu arranged 
for Yang and Li to move from China 
to New York to assist with his research, 
according to the FBI complaint. Soon 
after, the complaint continues, an exec- 
utive at United Imaging Healthcare 
affiliated with SIAT reimbursed Yang 
for roughly $20,000 in graduate school 
tuition payments and paid Li’s rent. 
Yang also allegedly conveyed infor- 
mation about his and Zhu’s research 
to United Imaging Healthcare. Li, 
meanwhile, worked simultaneously 
for SIAT and the Chinese company. 
Zhu, Li, and Yang all maintained 
e-mail accounts with the domain name 
“united-imaging.com” while at NYU, 
according to the complaint. 

In late 2012 or early 2013, NYU 
began to investigate the research 
team. The evidence that the univer- 
sity turned over to the FBI this spring 
included video footage of Yang photograph- 
ing lab equipment, the complaint states. 

The NYU case is the latest in a string of 
charges brought against Chinese scientists 
working in the United States for funneling 
raw or nonpublic research and informa- 
tion to institutions in China. Allegations are 
often characterized as economic espionage. 
The phenomenon “is not unique to China, 
but I think the majority of cases have been 
from China,” says Adam Segal, a senior fel- 
low at the Council on Foreign Relations 
in New York City who studies intellectual 
property and innovation. 

The spate of incidents may be partly 
blamed on Chinese government talent 


recruitment programs that tacitly allow— 
and sometimes even encourage—holding 
dual appointments in China and in the West. 
As a result, Chinese scientists may unwit- 
tingly violate U.S. institutions’ conflict-of- 
interest rules, says Jian Han, a faculty inves- 
tigator at HudsonAlpha Institute for Bio- 
technology in Huntsville, Alabama. Some 
may think playing both sides “is a win-win 
situation—but it’s not,” he says. Another 


attraction to overseas Chinese researchers 
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Here today, gone tomorrow. Photos of innovation team 
members were deleted from SIAT’s website soon after the FBI 
brought charges against Zhu (top row, center). 


may be the ease of receiving government 
funding in China, Segal notes: “There are 
very clear avenues for funding and support 
back in China ifa scientist is tempted to take 
intellectual property and strike out on their 
own.” Professors at U.S. universities with 
China-based labs, grad students, and Chi- 
nese government grants are “not uncom- 
mon,” says Denis Simon, a vice provost at 
Arizona State University and an expert on 
science and innovation in China: “It’s very 
amorphous territory.” 

Indeed, those recruited by the Chinese 
government’s Recruitment Program of 
Global Experts, commonly known as 1000 
Talents (Science, 31 July 2009, p. 534), 
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receive up to hundreds of thousands of dol- 
lars in startup funds and a $163,000 reloca- 
tion subsidy. Following the central govern- 
ment’s lead, provinces launched their own 
recruitment programs. Zhu was recruited by 
Guangdong, a province in southern China, 
to be a core member of an innovation team 
focused on advanced MRI technology, the 
complaint states. In 2011, the Guangdong 
government recruited 20 innovation teams 
and provided them with about $80 million 
total, according to Chinese news reports. 
Meanwhile, Chinese scientists working 
overseas worry that the allegations against 


Zhu could cast them in a negative light. 
The case will be “followed carefully by 
Chinese scientists both in China and in the 
US.,” Han says. Wei Jia, a researcher at the 
University of North Carolina, Greensboro, 
fears that the Zhu case could harm percep- 
tions among U.S. employers and federal 
funding agencies. 

Two scientists in the case have been 
arrested. The third, Li, returned to China 
before charges were filed, according to the 
FBI press release. After news of the arrests 
broke, SIAT deleted photos of and informa- 
tion about Zhu and Li from its website and is 
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reportedly considering legal action to shield 
its reputation. A United Imaging Healthcare 
official told The Wall Street Journal that it’s 
“impossible that our company would get 
involved in this kind of thing.” 

At the very least, the case against the three 
scientists should alarm others attempting to 
straddle two boats. Ying Xu, a bioinformat- 
ics researcher at the University of Georgia in 
Athens, says, “I hope those with full positions 
in the U.S. and [who] consult in China can 
learn a lesson from this incident.” 


—-CHRISTINA LARSON AND HAO XIN 
Christina Larson writes for Science in Beijing. 
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Radiation Will Make Astronauts’ Trip to Mars Even Riskier 


Most robotic missions to Mars have failed, but 
future astronauts headed for the Red Planet 
will have more than an imagined martian jinx 
to worry about. Measurements that the Curi- 
osity rover made en route to its touchdown on 
Mars last August show that radiation in deep 
space could pose a significant—if poorly 
understood—threat to human space travelers. 

The radiation levels that Curiosity mea- 
sured “are in line with the kind we expect,” 
says astrobiologist Lewis Dartnell of the Uni- 
versity of Leicester in the United Kingdom. 
“That’s in a way reassuring. But traveling 
Earth to Mars, you’re getting a fairly large 
portion of [the allowed] exposure.” And even 
with good measurements in hand, he adds, 
much about radiation’s effects on the human 
body remains unknown. 

The measurements—from the Radiation 
Assessment Detector (RAD) piggybacking 
on Curiosity—provide the best hard num- 
bers gauging the radiation that astronauts 
will encounter as they voyage beyond Earth’s 
protective magnetic field. The spacecraft that 
carried Curiosity to Mars provided much the 
same radiation shielding as the Crew Explo- 
ration Vehicle that NASA is building to carry 
astronauts beyond low Earth orbit. So RAD’s 
counts of the energetic charged particles that 
make up space radiation should give a reason- 
able idea of what humans will be up against, 
says physicist Cary Zeitlin of Southwest 
Research Institute in Boulder, Colorado, lead 
author on the RAD paper on page 1080. 

Those energetic charged particles come in 
two sorts. Protons flung off the sun in solar 
flares or in great blobs of plasma called coro- 
nal mass ejections causeda spike in RAD read- 
ings five times from December 2011 into July 
2012. The protons’ energies tend to range up to 
a few hundred megaelectron volts. Astronauts 


caught outside with nothing but a spacesuit to 
protect them from those surges could become 
acutely ill, but shielding like RAD’s can stop 
much although not all of such radiation. Then 
there are the cosmic rays—atomic nuclei 
ranging from lone protons up to iron nuclei— 
blasting in from the galaxy with energies of a 
few hundred to many thousands of megaelec- 


Comparative Radiation Exposures 


U.S. Annual Average All Sources 
Abdominal CT Scan 
DOE Radiation Worker Annual Limit 


6 Months on ISS (Average) 


tron volts. Most of them passed right through 
RAD’s shielding or even shattered atoms in 
the protective material, creating showers of 
damaging fragments. 

RAD’s bottom line was that a round trip 
to Mars would give an astronaut a hefty 
dose of damaging radiation. Zeitlin and col- 
leagues converted RAD measurements of 
energetic particle abundances, energies, and 
masses into a measure of biological damage 
called sieverts, which is related to lifetime 
cancer risk. During a 360-day round trip, 
an astronaut would receive a dose of about 
662 millisieverts (mSv), according to RAD 
measurements. National space agencies 
limit exposure to about 1000 mSv or less 
during an astronaut’s entire career; NASA’s 
limit corresponds to a 3% risk of exposure- 


induced death from cancer. 

“These results show that cosmic rays are 
not a showstopper,” says Robert Zubrin, a 
trained nuclear engineer and president of The 
Mars Society headquartered in Lakewood, 
Colorado. “This confirms what you might 
expect: The radiation risk is quite acceptable. 
Frankly, it’s a modest portion of the risks on a 
Mars mission.” 

Dartnell is less sanguine. 
He notes that RAD trav- 
eled to Mars during a qui- 
eter part of what is turning 
out to be a relatively quiet 
solar cycle. Future astro- 
nauts might well encoun- 
ter more and bigger solar 
events, he says. And RAD 
team members have yet to 
report radiation levels from 
the surface of Mars, where 
astronauts could well spend 
a year or more. 

But Dartnell’s biggest reservation is 
the uncertainty of it all. “It’s the things we 
don’t know that are the biggest concern,” he 
says. “We don’t know how dangerous [the 
observed radiation] would be.” The con- 
version from charged-particle energies and 
masses to biological damage involves “a 
high degree of uncertainty,” Zeitlin says, 
especially when it comes to the heavy nuclei 
of galactic cosmic rays. 

So more work looms for both space 
physicists and radiation biologists. “Radia- 
tion is one of many risks in space travel,” 
Zeitlin says. But when flesh-and-blood 
explorers start to travel between planets, 
“How much risk?” will be as much an ethical 
as a technical question. 

—-RICHARD A. KERR 
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Science for Al 


With 400 million people earning less than $1.25 per day, India is home 
to a staggering one-third of the world’s poor. Can scientists do more 
to lift people out of poverty? 


CHENNAI, INDIA—In March 2012, Ashok 
Jhunjhunwala invited 45 young hotshots in 
India’s electronics industry to this southern 
Indian city to brainstorm on a challenge: 
Could they design a tablet computer with 
Internet connectivity that would sell for 
2500 Indian rupees—about $50—and still 
allow their companies to turn a profit on the 
device? To Jhunjhunwala, an electrical engi- 
neer here at the Indian Institute of Technol- 
ogy (IIT), Madras, it wasn’t merely the for- 
tunes of India’s Silicon Valley that hung in 
the balance. India’s future was at stake. 
India has made strides in extending edu- 
cation to all strata of society. According to the 
Ministry of Human Resources Development, 
in 2010, 50% of children attended school 
through grade 12—up from 37% just 8 years 
ago. Equality is taking root in higher educa- 


tion as well. “The poorest children are getting 
into engineering colleges. That was incon- 
ceivable a decade back,” says Jhunjhunwala, 
who serves on a science advisory council to 
Prime Minister Manmohan Singh. But India 
is failing, Jhunjhunwala says, in what it offers 
up to those young minds in the classroom. 
“We have made zero progress, even nega- 
tive progress, in the quality of education,” 
he asserts. Steering away from rote instruc- 
tion and raising the bar, he says, “is our 
biggest challenge.” 

Jhunjhunwala didn’t expect a cure-all 
from the computer jocks he coaxed to Chen- 
nai. But he knew that an inexpensive tablet, 
purchased en masse by the government and 
distributed to students, would be a powerful 
teaching aid. Two previous attempts had not 
lived up to their promise, and half the compa- 


nies represented in the room, Jhunjhunwala 
knew, “were dead opposed to the idea” of a 
cheap tablet. It was hard to erase memories of 
the first cut-rate handheld alternative to lap- 
tops developed in India: the Simputer, which 
flopped a decade ago. The industry needed a 
reboot. But after huddling with the group all 
day, Jhunjhunwala recalls, “we felt confident 
that we could do something.” 

Unlike in past efforts, competition is the 
name of the game this time. As Science went 
to press, a dozen companies were racing to 
refine prototypes of a $50 tablet. These are 
undergoing dozens of performance tests 
here at IIT Madras’s research park. Based 
on the benchmarking outcome, the Indian 
government is considering making an initial 
purchase this fall of 5 million tablets from 
the five top-performing manufacturers; 
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Homespun innovation. A new rotavirus vaccine 
developed in India could be a boon to public health. 


all of their machines will be marketed 
under the name “Aakash 4.” The price for 
each unit: Twenty-five hundred rupees, plus 
taxes. With educational applications that 
will initially enhance and someday pos- 
sibly even supplant printed textbooks, the 
Aakash 4, Jhunjhunwala predicts, “will be 
an integral part” of India’s effort to raise 
education standards. 

The Aakash 4 is at the vanguard of 
India’s drive to use science and technology 
to raise millions of people out of poverty. 
The aim is to bypass hidebound approaches 
and link talent and ideas in a push for 
rapid economic growth. S. Shankar Sastry, 
dean of engineering at the University of 
California, Berkeley, and colleagues envi- 
sion the emergence of a new academic 
discipline—development engineering— 
aimed to assemble a toolkit of methods to 
find sustainable solutions to poverty. India, 
where 833 million of the country’s 1.21 bil- 
lion people live in villages sorely deficient 
in health care, sanitation, electricity, and 
educational opportunities, is a natural cru- 
cible for such experiments. 

In this impoverished landscape, Singh, 
an academic at heart, is sowing the seeds of 
an intellectual revolution. Last week, speak- 
ing about his vision of inclusive growth, 
Singh said: “The glass was almost empty 
when we started. The important point to note 
is that it is being filled.” High on the agenda 
are plans to extend a $1.2 billion National 
Knowledge Network—a high-speed Inter- 
net backbone now linking 1000 agencies 
and research institutions—to every one of 
India’s 630,000 villages. 

Another push is coming from the National 
Innovation Fund, established last year with a 
$50 million pot of money to bankroll promis- 
ing technological solutions for societal woes. 
“The fund is built on the principle that inno- 
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tion Council, which 

helps oversee the fund. For example, using 
a grant from the fund, villagers coping with 
periodic droughts spawned by deforestation 
in the Himalayan state of Uttarakhand are 
teaming up with scientists from the Bhabha 
Atomic Research Centre in Mumbai to 
identify where ground water is more read- 


ily recharged in the watershed. The nuclear 
scientists are mapping underground water 
flow using isotopes of oxygen and tritium, 
enabling villagers to pinpoint locations to 
build recharge ponds. 

Other initiatives that promise to transform 
India include agricultural extension services 
that use cell phones to broadcast best prac- 
tices and prevailing market prices for crops 
to farmers and fishers; a national ID pro- 
gram that will extend the welfare safety net 


to the nation’s poorest corners; and vaccines 
against diseases whose toll is highest among 
the most deprived. All told, experts say, 
India in 2013 will spend about $6 billion on 
science-based efforts to raise living stan- 
dards: half of its total R&D budget. 

Ina nation known for its prowess in rock- 
ets and atomic bombs, poverty alleviation is 
not something that most researchers gravi- 
tate to, says nuclear scientist Rajagopala 
Chidambaram, principal scientific adviser to 
the Government of India. “Active scientists 
are not the best suited for grassroots inter- 
vention,” he argues. The lion’s share of work, 
he says, should be left to nongovernmental 
organizations led by scientists. Others feel 
differently. “We have a moral responsibil- 
ity to help the poor,” Pitroda says. For years, 
Pitroda, who helped establish India’s mod- 
ern telecom industry in the 1990s, doubted 
whether significant inroads were feasible. 
“The problems of poverty weren’t drawing 
talented researchers,” he says, and the gov- 
ernment approach was at times piecemeal, at 
times negligent. However, India’s rapid eco- 
nomic development is rewriting the script. 
“T didn’t think it was possible to do much to 
help,” Pitroda says. “Until now.” 
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Vaccinations for all 

To Krishna Ella, Indian science is a study in 
contradictions. For decades, he notes, India 
has excelled in basic research in chemistry 
anda few other fields. But many of the nation’s 
most pressing needs have lain neglected. Par- 
ticularly deserving of opprobrium, he argues, 
is India’s track record in disease research. 
Thousands of Indians die of malaria each year, 
he notes, yet, “Why have we not developed a 
single good antimalaria drug?” Typhoid, chol- 


shok Jhunjhunwala, 


era, dengue: “Nobody was touching these 
poor man’s diseases,” Ella says. 

His father was a farmer in the southern 
state of Tamil Nadu, so Ella knew how hard 
it can be to scratch out a living from the land. 
After earning a doctorate in plant pathology 
from the University of Wisconsin, Madison, 
in 1993, Ella spent a brief period as a research 
assistant professor at the Medical University 
of South Carolina in Charleston before heed- 
ing the wishes of his wife, Suchitra, and his 
mother, and returning with his family to India 
in 1996. In a lab that he set up in Hyderabad, 
Ella developed a hepatitis B vaccine by insert- 
ing genes for viral surface proteins into yeast. 
With seed funding from the Industrial Devel- 
opment Bank of India, Ella and Suchitra in 
1996 founded Bharat Biotech International 
Ltd. The company scored its first triumph just 
2 years later, when India’s president, A. P. J. 
Abdul Kalam, came to Hyderabad to unveil 
Revac-B+, a recombinant hepatitis B vaccine 
that Bharat put on the market for about $1 per 
dose—a fraction of the price of hepatitis vac- 
cines made by Western firms. 

Over the next decade, Bharat Biotech 
built a portfolio of cheap vaccines against 
scourges such as polio, typhoid, and rabies, 
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and the company anchored a high-tech 
enclave in Hyderabad that Krishna chris- 
tened “Genome Valley.” 

The company stumbled in September 
2011, when the World Health Organization, 
in an audit of Bharat Biotech’s production 
plant in Hyderabad, 
found “deficiencies in 
the implementation 
of good manufactur- 
ing practices and in the 
quality management 
system of the com- 
pany,” WHO said in a 
statement that Decem- 
ber. WHO, which noted 
that Bharat Biotech’s 
vaccines on the mar- 
ket were deemed safe, 
asked for the audit in 
response to the com- 
pany’s applications to 
include two vaccines 
on a roster of products 
approved by WHO for 
bulk purchase by the 
U.N. Children’s Fund 
and other U.N. agen- 
cies. Ella insists that the problem is merely 
about documentation and that quality was 
never an issue. Company officials are in dis- 
cussions now with WHO on getting their firm 
approved as an authorized vaccine supplier. 

In the meantime, Bharat Biotech 
achieved a milestone earlier this month 


we 


A Role for Science in Poverty Alleviation? 


NEW DELHI—With more than 400 million people in India earning less 
than $1.25 a day, poverty reduction in this sprawling nation is an urgent 
task. Perhaps that’s why the ruling United Progressive Alliance turned to one 


of its deep thinkers to tackle the intransigent prob- 
lem. In July 2011, Jairam Ramesh was tapped to lead 
the Ministry of Rural Development, an $18 billion 
agency focused on the plight of the 70% of India’s 
1.2 billion people who live in the countryside. 
Ramesh, 59, is no stranger to India’s scientific 
community. He garnered headlines in January 2010, 
when, as environment minister, he imposed an indef- 
inite moratorium on the introduction of genetically 
modified eggplant (Science, 12 February 2010, 
p. 767). A mechanical engineer by training who's 
known for his wit and biting remarks, Ramesh is also 
a China expert; in 2005 he published a book on the 
relationship between the two Asian powers, Making 
Sense of Chindia: Reflections on China and India. 


Last month, Science spoke with Ramesh in his office here about the role 


of science in poverty alleviation. His remarks were 
clarity. 
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when the Indian government announced that 
the company’s homegrown vaccine against 
rotavirus had scored high marks in clini- 
cal trials. In the United States, the virus is a 
public health nuisance, causing severe diar- 
rhea in infants and young children, but few 


Mass appeal. Bharat Biotech, led by Krishna Ella (left), has made cheap vaccines a profi 
Indian telecom pioneer Sam Pitroda (right) believes scientists have a moral responsibility to help the poor. 


deaths. In India, rotavirus is a menace that 
easily spreads through contaminated food 
and water. It infects some 20 million chil- 
dren in India every year, claiming more than 
100,000 lives. Most of those deaths are pre- 
ventable—children become dehydrated and 
fail to receive adequate treatment. 


At a press conference in New Delhi ear- 
lier this month, K. Vijayraghavan, secre- 
tary of the Department of Biotechnology, 
announced that ROTAVAC, Bharat Biotech’s 
vaccine against the predominant rotavirus 
strain circulating in India, had compiled an 
“excellent safety and 
efficacy profile” in 
phase III clinical tri- 
als—the first time 
such trials were con- 
ducted in India for 
any vaccine. In a 
statement, Anthony 
S. Fauci, director of 
the National Insti- 
tute of Allergy and 
Infectious Diseases 
(NIAID) in Bethesda, 
Maryland, hailed 
the results as “a sig- 
nificant victory for 
India’s scientific com- 
munity.” (A partner 
a | in the collaboration, 
table venture. NIAID provided one 
of the strains tested in 
the ROTAVAC trial.) 

This effort originated at the All India Insti- 
tute of Medical Sciences in New Delhi, where 
Maharaj Kishan Bhan, a vaccine researcher, 
in 1985 identified a nonpathogenic strain of 
rotavirus. Thirteen years later, the Indo-U.S. 
Vaccine Action Program selected Bharat 
Biotech to develop the vaccine. Since then, 


Q: Is science in India helping the poor? 


J.R.: People are coming out of poverty because of agricultural growth, bet- 
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- task now is helping rural poor. 
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ter wages, and better infrastructure. Science played an important role in 
creating new varieties of rice and wheat; that has lifted farmers out of pov- 
erty. Science has created mobile phones that are giving farmers and wage 


seekers links with markets. But if you are asking 
me if there is a direct relationship between invest- 
ment in science in India and rural development, my 


answer is no. 


Q: How would you get scientists more involved 


in poverty alleviation? 


J.R.: Almost 60% of all open defecations in the 
world are in India. And open defecation and poor 
sanitation has a direct link with malnutrition and 
stunted growth. But we've had no innovation what- 
soever in the field of toilets. So when Mr. Bill Gates 
came to meet me a couple of months ago, we said, 
why don't we collaborate together and have a global 
challenge? Challenge the world’s inventors to come 
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the Indian government and foreign partners, 
including the Bill & Melinda Gates Founda- 
tion, have poured about $100 million into the 
project. ROTAVAC is expected to be on the 
market in early 2014, priced at about $1 per 
oral dose for a three-dose series. Two Western- 
manufactured vaccines now on the market in 
India each cost about $40 per dose. 


Toward total inclusion 

In his 2008 book /magining India, Nandan 
Nilekani, a tycoon who co-founded the 
Bangalore-based software and information 
technology giant Infosys in 1981, made an 
intriguing proposition. Biometrics technol- 
ogy had become reliable and cheap enough 
to deploy nationwide in India; Nilekani pro- 
posed entering people living below the pov- 
erty line into a database that would help 
them access benefits. “Millions of people 
become adults in India without an identity 
document,” and they are unable to tap into 
the country’s welfare system, Nilekani says. 
“We had to find a way to make society more 
inclusive.” Toward this end, he argued, bio- 
metrics could be a powerful tool. 

Prime Minister Singh threw his weight 
behind the venture, and in July 2009 the 
Unique Identification Authority of India 
(UIDAT) was formed. Its ambitions have 
since grown: UIDAT is now striving to 
assign a random 12-digit “Aadhaar” ID 
number to every resident of India, based on 
photos, iris scans, and a full set of 10 fin- 
gerprints. Some critics blast the program as 


Biometrics with benefits. A boy in 
New Delhi gets his thumbs scanned for 
an Aadhaar ID number. 


far too ambitious to succeed. Others say it 
feels like Big Brother; they point out that 
security agents will have access to the data- 
base. Nevertheless, 300 million people have 
received Aadhaar numbers since the author- 
ity’s enrollment centers, scattered across the 
country, opened in September 2010. 

The system’s raison d’etre is authentica- 
tion: Biometrics offers a simple and more 
reliable way to verify a person’s identity. 
With corporate partners, UIDAI is now 
rolling out a micro-ATM system in which 
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welfare payments and other government 
benefits are directly paid into the ID holder’s 
account, rather than getting routed through 
leaky and often corruption-ridden govern- 
ment channels. Beneficiaries will be able 
to receive their payments at shops equipped 
with fingerprint or iris scanners. And stu- 
dents may be required to have Aadhaar num- 
bers when sitting for nationwide tests. 

Nationwide connectivity is transforming 
India in other ways as well. Today, the coun- 
try has 900 million cell phones. “Only about 
35% of Indian homes have toilets. About 60% 
have mobile phones,” says Jairam Ramesh, 
who as India’s minister for rural development 
is searching for innovative solutions for pov- 
erty alleviation (see p. 1034). 

Text messaging services now alert farm- 
ers to prevailing market prices, enabling 
them to decide how and where to sell com- 
modities before leaving the farm. In the past, 
they would have to lug their wares to a mar- 
ket and hope for the best. Fishers, too, are 
reaping the benefits of technology. Using 
data gathered by its satellite fleet, the Indian 
Space Research Organisation maps plank- 
ton-rich zones within 20 nautical miles of 
India’s coast where fish are likely to congre- 
gate. It then feeds daily fishing forecasts, as 
well as wave height and other data, to Vil- 
lage Resource Centers pioneered by the 
M. S. Swaminathan Research Foundation 
(MSSRF) here. ““We’re getting a lot of feed- 
back from fisher folk,” says MSSRF infor- 
mation specialist Nancy J. Anabel. “Now 


Q: Why is poverty so entrenched in India? 

J.R.: It has nothing to do with science. It is the failure of land reform. We 
have not ensured equal access to land. We've had a horrendously iniquitous 
caste system, which is still very much prevalent in our country. Public health 
successes in India have reduced mortality rates drastically, but we've had a 
tripling of our population since independence. So the causes of poverty are 
complex, and the causes of poverty are not linked to the availability or non- 
availability of science and technology. 

One shouldn't make the mistake of giving science and technology more 
power than it actually has to alleviate poverty. Sure, it has a place to reduce 
drudgery, for example, if you can develop improved cookstoves. But how do 
you disseminate 150 million cookstoves? 


Q: What about a McDonald's of cookstoves? 

J.R.: McDonaldization has taken place in a few areas. Mobile telephones 
are the most ubiquitous instrument of rural transformation today. But in 
other areas, we have not been very successful. Cookstoves is a classic exam- 
ple. We've been at this cookstove game for almost 40 years. But whether 
improved stoves have actually penetrated rural households, | find no con- 
vincing answer. 


Q: Will the universal ID (see p. 1032) make a major difference? 
J.R.: It is a very big technological intervention that will have a major 
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transformative effect in rural areas. All pension payments will be delivered 
electronically to the doorstep of the beneficiaries. 


Q: How long will it take for everyone in India to have a universal ID? 
J.R.: It is a huge priority issue. We hope that by the end of 2014, all subsidy 
payments, whether it is a kerosene subsidy or cooking gas or whatever sub- 
sidy, will be through this route, through micro-ATMs. 


Q: So you need 600,000 micro-ATM machines, one for every village? 
J.R.: At least. From a rural point of view, this is a game changer. It gives you 
a channel for delivery: cash benefits in a relatively hassle-free environment. 


Q: India helped find water on the moon. But it struggles to provide 
clean drinking water to its people. Why? 
J.R.: Water is a good example of where science is coming to our rescue. 
In 1987, there were about 50,000 villages in India without drinking water 
sources. Satellites helped locate sources for these villages within 1.5 kilo- 
meters. This was one of the earliest examples of a quick win for science in 
rural development. 

| am not a worshipper of science. | realize the potential of science and 
the power of science. But | also realize that there is more to life than science 
itself. And the constraints to the diffusion of knowledge, the societal barriers, 
those have to be addressed. 
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they are even asking for species-specific 
forecasts.” Communities see the resource 
centers “as a source of empowerment,” adds 
V. Selvam, program director of MSSRF’s 
coastal systems research. 

A more efficient information flow to 
farms should also help safeguard the gains of 
the Green Revolution. In the 1960s, millions 
of Indians lived from “ship to mouth,” sur- 
viving on boatloads of wheat imported from 
the United States. Thanks to the introduction 
of high-yield dwarf varieties about 40 years 
ago, India has since become a net exporter 
of wheat, but there are concerns that a strain 
of wheat rust called Ug99 could devastate 
harvests. Wheat farmers across the country 
now use their cell phones to send pest sight- 
ings and general growing conditions to the 
Directorate of Wheat Research in Karnal. So 
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Knowledge flows both ways. Anil Gupta (left) of the National Innovation Foundation points to the Bhils 


Crucibles of ideas 
Two young blackbuck antelope lock their 
twisting horns in a violent clatter. Several 
meters away, placidly grazing, a rare albino 
blackbuck seems to pay no heed to the spar- 
ring match. IIT Madras students in the vicin- 
ity are also blasé: They get to experience a 
cervid safari every day. A half century ago, 
IIT Madras’s 2.5-square-kilometer campus 
was carved from Guindy National Park. 
Although the institution’s coexistence with 
nature hasn’t always been harmonious—a 
troop of bonnet macaques that prowls the 
leafy grounds has tested the administration’s 
tolerance—it has nevertheless helped IT 
Madras stand out in Indian academia. 

No single institution in India can lay 
claim to the mantle of doing the most to help 
the neediest. Indeed, as Pitroda and others 


& 


tribal community's nonstick cookware as a technology worthy of wide dissemination. 


far, Ug99 has not been seen in India, says 
Indu Sharma, the directorate’s head. 

The essential role of farmers in crop dis- 
ease surveillance underscores the point that 
knowledge flow goes both ways. In Ahmed- 
abad, the National Innovation Foundation 
gathers local wisdom in “people registers”: 
local technologies honed over centuries or 
millennia. One recent find is a nonstick sur- 
face for cookware developed by the Bhils, a 
tribal community in Madhya Pradesh state. 
They coat earthenware pots with a resin 
secreted by insects that infect certain plants. 
The nontoxic preparation is being commer- 
cialized; profits will flow back to the Bhil. It’s 
an example of how “minds on the margins 
are not marginal minds,” says Anil Gupta, the 
foundation’s executive vice president. 


have pointed out, academia’s track record at 
tackling societal ills is spotty at best. But as 
awareness of the need for action grows, IIT 
Madras and a handful of other centers have 
become test beds of new ideas. “Our focus 
today is on transformation research,” says 
IIT Madras Director Bhaskar Ramamurthi. 
One area in which they hope to make a 
difference is affordable housing. “We have 
a huge housing shortage in India,” says 
Devdas Menon, an IIT Madras civil engi- 
neer. In the center of campus, Menon’s team 
last month finished putting up a model house 
divided into four apartments built from glass 
fiber-reinforced gypsum. It took a mere 
29 days to erect, at a cost of $2000. The tech- 
nology is not new. Australia pioneered the 
concept more than 20 years ago, in which 


gypsum, a common waste in industries such 
as fertilizer production, is milled with glass 
fibers to form water- and fire-resistant pan- 
eling. Despite the fact that the paneling is 
much lighter than concrete or other tra- 
ditional building materials, it can be used 
to construct earthquake-resistant struc- 
tures up to 10-stories tall, Menon says. A 
several-story building would take less than 
6 months to build, he says: about one-fifth 
the time it would take to put up a steel and 
concrete building. 

The model home will also accommodate 
a pie-in-the-sky idea: village-level direct 
current (DC) electricity supplies. One half 
of the model home will run on AC, the way 
power is commonly supplied from a grid, 
and the other half will run on DC: how bat- 
teries generate power and how communities 
across India were supplied with electricity 
several decades ago. 

Energy is a critical limiting factor in 
efforts to boost rural livelihoods. “Energy 
demand is rising dramatically. People 
throughout India are buying air condition- 
ers so fast, it’s scary to think where we’re 
heading,” says Ramamurthi, an electrical 
engineer by training. Solar and other renew- 
able energies have “great potential in the 
countryside,” he says, but they are hard to 
stably feed into a power grid. Thus, he and 
Jhunjhunwala are working on a prototype 
in which villages can run off-grid, on solar- 
powered DC power stations. They say that 
they will know within 6 months whether 
their concept is feasible. 

A more pressing concern for Jhunjhun- 
wala is the Aakash 4 debut. If the tablets can 
meet performance standards on 151 bench- 
mark tests, “the project will be successful,” 
predicts computer scientist Rajat Moona, 
director general of the Centre for Develop- 
ment of Advanced Computing in Pune. “The 
project is headed in the right direction now,” 
he says. Even more bullish is Kannan Mani 
Moudgalya, a chemical engineering profes- 
sor at IIT Bombay. “Aakash is a great idea,” 
he says. As software applications for Aakash 
mature, he predicts, the tablet, “without 
any doubt,” will help give Indian children a 
richer, higher quality education. 

Just beyond the walls of IIT Madras’s 
research park, where the Aakash 4 proto- 
types are being put through their paces, a 
sprawl of tenements is haphazardly strung 
with laundry drying in the sun on a steamy 
day. It’s the sort of scene that Jhunjhun- 
wala and his colleagues hope to transform 
through education, as fast as they possibly 
can. “We’re racing against time,” he says. 

-PALLAVA BAGLA AND RICHARD STONE 


31 MAY 2013, VOL 340 SCIENCE www.sciencemag.org 


CREDITS: PALLAVA BAGLA (2) 


(CREDITS: CHINA HOUSEHOLD FINANCE SURVEY (2) 


SOCIAL SCIENCE 


The Numbers Game 


In China, statistics have long been skewed by their use in rewarding performance; 
social scientists say they are beginning to remove those distortions 


SHANGHAI, CHINA—When economist Gan 
Li set out in 2009 to survey thousands of 
Chinese households on income and assets, 
he had a modest goal: Expand the nation’s 
scant information about its economic life. No 
detailed household survey data were avail- 
able that could offer a fair picture of the situa- 
tion nationwide. Everything from household 
wealth to the percentage of Chinese owning 
multiple homes was unknown. China had— 
and still has—“very little knowledge about 
its baseline,” says Gan, who splits his time 
between Texas A&M University, College Sta- 
tion, and Southwestern University of Finance 
and Economics in Chengdu. His project, 
called the China Household Finance Survey, 
got little direct support from China’s National 
Bureau of Statistics (NBS), effectively the 
only source of household income informa- 
tion then, Gan says. But the bureau didn’t try 
to block his work. 

Gan’s ability to quietly research vanished, 
however, when he and colleagues used their 
data to estimate China’s Gini coefficient, a 
common index of income inequality. It runs 


on a scale from 0 to 1, with 1 being severe 
inequality. Accepted wisdom held that a Gini 
coefficient above 0.4 yields societal instabil- 
ity, and Gan had assumed that anything above 
0.6 would be “maybe revolutionary.’ NBS 
had last released a Gini value in 2000, when it 
was 0.41. In findings released last December, 
Gan and colleagues calculated it at 0.61. 


Income Inequality as Rated on the Gini Index 


0.8 


07 


0.6 


05 


0.4 


0.3 


0.2 


0.1 


u US. 


China Finland Japan Mexico Poland Spain 


High on disparity. A 2012 study placed China among 
the nations with the largest income differences. 
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Street cred. A researcher gathers data on household 
income in a rural area of Shandong Province. 


NBS officials countered Gan’s research 
by pointing to his small sample size and the 
fact that he employed novice student inter- 
viewers. (Gan says that his sample has an 
error of only 1%, and the surveyors under- 
went 56 hours of training.) A mere month 
after Gan and colleagues published their 
findings, NBS released its own, lower esti- 
mate for China’s Gini coefficient: 0.47. Ata 
press conference in January, bureau Director 
Ma Jiantang explained that although it was 
high, inequality in China had been declin- 
ing since 2008—a claim that is impossible 
to check because NBS did not release its 
sample selection method, complete data 
at the individual respondent level, or the 
nonresponse rate for the surveys underlying 
the calculations. 

The bureau’s attempt to steal the spot- 
light flopped. Chinese media seized on 
Gan’s number, prompting an outcry online. 
The reported yawning income gap caused 
a big sensation, says Yu Xie, a sociologist 
at the University of Michigan, Ann Arbor, 
and Peking University, who is not affiliated 
with the survey. The controversy highlights 
just how volatile a reaction to new data can 
be in China. And it shows how difficult it 
is to derive accurate statistics when reports 
are distorted by government incentives and 
cloaked in secrecy. “The research commu- 
nity is really starving for data,” says Zhao 
Yaohui, an economist with Peking Univer- 
sity’s China Center for Economic Research. 

The accuracy and availability of data in 
China vary by field. But some themes crop 
up again and again: Cases are under- or over- 
reported, data are obtained but not released, 
and definitions and methodologies shift 
from one use to the next. These problems are 
more pressing now, as fields like sociology 
and economics are rapidly developing. The 
lack of access to good data, Zhao says, has 
become a “major hindrance to the advance- 
ment of the social sciences in China.” 


Deconstructing the data 

The roots of China’s problems are partly sys- 
temic; statistics get both too little and too 
much respect. A numbers-driven country, 
China has an “old, centralized administra- 
tion that collects data on everything,” says 
Carsten Holz, an economist who specializes 
in Chinese statistics at Hong Kong Univer- 
sity of Science and Technology. Government 
officials are evaluated on indicators such as 
environmental protection rather than on their 
overall performance. Under the yi piao fou- 
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jue, or “one-vote down,” sys- 
tem introduced in 1991, local 
officials who poorly perform 
in one of several key areas can 
face wage cuts or dismissal. As 
the saying goes, shuzi chu guan: 
“Numbers make leaders.” 

As a result, notes Liu Jun- 
guo, a hydrologist at Beijing 
Forestry University, the inverse 
is also true: guan chu shuzi, 
or “leaders make numbers.” 
Scholars say that outright cook- 
ing of the books is rare, perhaps 
because it’s a red flag: With data 
released consistently every month or every 
year, says Yong Cai, a demographer at the 
University of North Carolina, Chapel Hill, 
“it’s very difficult to fake something in a sys- 
tematic way without being caught.” Instead, 
officials may change definitions so that one 
year’s data are not comparable to previous 
years’. “Local officials are manipulating a lit- 
tle of the gray area rather than outright fabri- 
cating,” says Kam Wing Chan, a geographer 
at the University of Washington, Seattle. But 
for scholars seeking accurate figures, this can 
be infuriating. As a result of political incen- 
tives, “all indicators of well-being” are sus- 
pect, Xie says. 

For instance, in 
determining per capita 
gross domestic product 
(GDP) or the unemploy- 
ment rate, a mayor may 
conveniently exclude 
millions of strug- 
gling migrant workers. 
Because they lack an 
urban residence per- 
mit, migrants are not 
counted in a city’s pop- 
ulation. When they are 
included, a city’s report 
card can change dra- 
matically, says Chan, 
who studies migration 
in China. With migrants 
excluded from the pop- 
ulation of Shenzhen, a 
booming industrial city 
near Hong Kong, the 
city had a per capita GDP of about $21,700 
in 2000. When migrants were counted, Chan 
found in a paper for the July 2007 issue of 
Eurasian Geography and Economics, the 
figure plummeted to $3900. 

Compounding China’s data woes are pol- 
icies that encourage concealing information. 
Because of limits imposed by the one-child 
policy, some parents do not register births 


Challenger. Gan Li’s group found significant 
income disparity in China. 


of second and third children, complicating 
attempts by demographers to track popula- 
tion changes. “If you want to get a timely 
number you have to rely on local numbers, 
and everyone knows those numbers are not 
reliable,’ Cai says. For a more accurate birth- 
rate, demographers often wait a few years to 
see if unreported children crop up at the age 
when school enrollment begins. 

NBS makes corrections to aggregate data 
for such misreporting. “They are aware of the 
limitations of data,” Xie says. But because 
the bureau does not typically release com- 
plete data sets or detailed methodology, it 
is impossible for schol- 
ars to check how the 
numbers are modified. 
“They don’t tell you 
how they got to where 
they got,” says Avraham 
Ebenstein, an econo- 
mist at the Hebrew Uni- 
versity of Jerusalem 
who studies China. “So 
you don’t know if the 
data are good and bad.” 
An NBS spokesperson 
wrote in an e-mail that 
the bureau publishes 
information about the 
“subjects, survey meth- 
ods, [and] statistical 
range” of its data. 

NBS_ occasion- 
ally releases house- 
hold income microlevel 
data, or data at the indi- 
vidual respondent level, but it does so only 
for a handful of provinces at once, accord- 
ing to several scholars—a tactic that pre- 
vents independent calculations of the 
Gini coefficient from official statistics. “The 
government is tremendously tight-fisted with 
these data,” Ebenstein says. “It’s as if, ‘We 
want you to do research, but we don’t want it 
to be too good.’” 


Reaching out. In rural Henan 
Province, a survey on household 
income sent interviewers out to 
gather data from a broad sample 
of citizens. 


Global repercussions 
Statistics are hardly the only 
research tool that Chinese 
officials view as dangerous 
in the wrong hands. Detailed 
topographic maps and GPS 
devices are tightly controlled 
as well (Science, 25 January, 
p. 384). But holding back data 
has a broader impact by tainting research not 
exclusively focused on China. Because global 
indices compiled by the United Nations and 
World Bank often incorporate figures fur- 
nished by Chinese government agencies, 
misleading statistics can skew global com- 
parisons. 

China’s birthrate is a case in point. To cor- 
rect for underreporting by parents and local 
officials, Cai says, NBS adjusts its estimate 
of the crude birthrate, but “we never know 
the mechanism.” China’s National Population 
and Family Planning Commission, which 
was recently combined with the health min- 
istry, issues separate population projections 
that are even sketchier. Working backward 
from the figures, demographers can derive a 
total fertility rate, or the number of children 
the average woman is expected to have over 
her lifetime—and they contend that officials 
deliberately overestimate the rate. A high 
birthrate keeps the family planning commis- 
sion in business: “High fertility is the very 
foundation of its existence,” Cai says. 

In 2008, the population commission’s 
estimates sparked a debate when the United 
Nations Population Division (UNPD) 
released its biannual World Population Pros- 
pects report, with projections to 2050. Cai 
and demographer Gu Baochang of Renmin 
University of China in Beijing noticed that 
UNPD’s estimates put China’s total fertility 
rate for 2000 to 2005 at 1.77, close to the fam- 
ily planning commission’s estimate of 1.73— 
and predicted that fertility would increase 
from there. The two demographers suspect 
that UNPD relied on a 2006 population com- 
mission survey that scholars widely consider 
biased. Invited to comment, they suggested 
lowering the estimate to about 1.5. 

The appeal may have had some impact. 
Projections in UNPD’s revised World Popula- 
tion Prospects in 2010 imply a total fertility 
rate of 1.70 for 2000 to 2005 and shows births 
declining after that. The shift is significant: 
The difference between the two reports’ esti- 
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mates for global population in 2010 is 12.81 
million people. “That can almost entirely be 
attributed to the adjustment of the Chinese 
population,” Cai says. 

Inside China, drama surrounding Chinese 
statistics extends beyond numbers. In 2006, 
NBS head Qiu Xiaohua was removed from 
his post after being investigated for involve- 
ment in a pension fund scandal. A Chinese 
Communist Party commission expelled him 
from the party for accepting bribes and keep- 
ing multiple wives, issuing a statement say- 
ing he had exerted “vile social and political 
influence.” In recent years, NBS has become 
a favorite target of Chinese social media 
users. In one popular online jibe, commenta- 
tors referred to the bureau as tongji ju, a hom- 
onym for its official name that means “the 
Bureau of Dicking Around.” 

Such jabs at the govern- 
ment’s lack of transparency 
are gradually yielding change. 
Much as Gan’s study appears 
to have provoked NBS to 
release its own Gini coeffi- 
cient, outcry over incomplete 
air pollution data prompted 
the government in January to 
begin measuring concentra- 
tions of harmful particulate 
matter less than 2.5 microm- 
eters in diameter for many 
Chinese cities (Science, 11 
January, p. 124). “The govern- 
ment is under more and more 
pressure to release data of pub- 
lic interest,” Xie says. In 2009, 
China introduced a regulation 
stipulating punishment for 
concocting statistics or encour- 
aging others to do so (Science, 
7 August 2009, p. 675). NBS also now regu- 
larly sends teams to check the methods of its 
local branch offices. 

Some scholars say that data quality in 
their fields is improving. Liu notes that in 
recent years, when China’s environment 
ministry was strictly monitoring water 
quality—boosting the incentive for local offi- 
cials to clean up polluted rivers and lakes— 
official data nonetheless show a deterioration. 
For China-oriented researchers accustomed 
to reading the tea leaves, such depressing 
statistics are actually an encouraging sign 
that “the quality of statistics is improving,” 
Liu says. Certain economic calculations are 
progressing as well, says Holz, who is edit- 
ing an upcoming special issue of the China 
Economic Review focused on Chinese sta- 
tistics. China has long been accused of doc- 
toring its national GDP figures to maintain 


the impression of continued high economic 
growth. But although no evidence so far 
definitively shows that the NBS figures are 
correct, “nobody so far has been able to prove 
the NBS data wrong,” Holz says. 

But Chinese agencies are still a far cry 
from their U.S. counterparts, many of which 
employ scholars on rotation and staff liai- 
sons to facilitate use of government data by 
outside experts. Ebenstein says that China 
is “just much more cautious” about let- 
ting results fall where they may. It doesn’t 
help that intense pressure to publish makes 
many Chinese scholars reluctant to share 
what they have. ‘Traditionally,’ Zhao says, 
“people collect data and hold on to it— 
and don’t let others use it’ Xie agrees: “There 
is no norm for data sharing.” 


—HIRGRE-ThRF 


Playing the numbers. Critics say data-driven goals—such as China’s one child policy 
touted in a poster have fueled statistical errors. 


Upstart surveys 

A growing number of scholars hope to 
change that culture by challenging what Xie 
calls NBS’s “monopoly.” The China House- 
hold Finance Survey is just one of several 
notable efforts to generate independent 
microlevel data. In the past 5 years, a num- 
ber of similar longitudinal, nationally repre- 
sentative surveys have cropped up in China 
to fill the vast data holes. Among them are 
the Chinese General Social Survey, a proj- 
ect spearheaded by Renmin University’s 
National Survey Research Center in Bei- 
jing that queries respondents on questions 
like religion, social inequality, and health; 
the Chinese University Student Learning 
and Development Follow-Up Research proj- 
ect, a survey tracking university students 
throughout their lives led by Tsinghua Uni- 
versity in Beijing; the Chinese Family Panel 
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Studies, a survey of 60,000 respondents on 
everything from child care to election par- 
ticipation run out of Peking University in 
Beijing (Science, 30 April 2010, p. 554); 
and the China Health and Retirement Lon- 
gitudinal Study (CHARLS), also overseen 
by researchers at Peking University, which 
aims to shed light on issues faced by China’s 
rapidly aging population. 

Increased funding for social science 
research, both at universities and at China’s 
government science institutions, is behind 
the new wave of surveys, says Zhao, a co— 
principal investigator for CHARLS. Her 
survey, which covers 17,500 respondents 
over age 45, is modeled in part after the Uni- 
versity of Michigan’s Health and Retirement 
Study. It benefited from an $813 mil- 
lion grant from a program 
launched by the National 
Natural Science Founda- 
tion of China in 2012 to fund 
research that generates large 
data sets. CHARLS aims to 
release data within a year 
after a survey round, which 
is faster than many similar 
surveys in other countries. 
The independent surveys can 
be “used to either validate or 
check against government 
statistics,” says Xie, who 
helped design the Chinese 
Family Panel Studies survey. 

Officials need not instine- 
tively fear the emergence 
of such upstart fact check- 
ers, says Gan, who is plan- 
ning to launch a new survey 
round for the China House- 
hold Finance Survey in July 
that expands his sample size by 50%. When 
he and colleagues arrived at a high Gini 
coefficient, he went back to find the study 
that, years ago, determined that 0.4 is the 
threshold for instability—and came up with 
no published papers on the topic. Instead, 
he found numerous studies suggesting that 
it is opportunity inequality, and not simply 
income inequality, that sparks instability. 
Although Gan believes that China should 
redistribute wealth, the explanation for its 
stability, he says, is that people in China 
“believe that they can move up, and there 
are also institutions helping them move 
up.” For the moment, at least, “there is this 
mobility” in China. 

Numbers like the Gini coefficient are not 
inherently threatening, Gan contends. It all 
depends on their interpretation. 

-MARA HVISTENDAHL 
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Education Guidelines Fail to Inspire 


SELDOM IN THE SPECIAL SECTION ON GRAND CHALLENGES IN SCIENCE 
Education (19 April, p. 290) do I see the words “inspiration” or 
“excitement.” 

The News story “Transformation is possible if a university really 
cares” (J. Mervis, p. 292) suggests starting “by asking what the faculty 
member wants students to know how to do at the end of the course” 
and approves of applying “basic concepts to real-life situations.” That 
is suitable for an engineering course or for basic physics, but what if 
your goal for nonscience students is to foster inspiration, excitement 
about what they have learned, and enthusiasm for supporting science 
by reading newspaper or magazine articles on STEM topics or by vot- 
ing for candidates who demonstrate scientific experience or under- 
standing? 

The Review “Physical and virtual laboratories in science and engi- 
neering education” (T. de Jong et al., p. 305) acknowledges the impor- 
tance of enthusiasm by suggesting that actual labs are more success- 
ful than virtual ones in creating “young people who are skillful in and 
enthusiastic about science,” but the article is aimed at those “who view 
science as their future career field.” 

Meanwhile, the Review “Outside the pipeline: Reimagining sci- 
ence education for nonscientists” (N. W. Feinstein ef al., p. 314) 
describes the goal of “nonscientists who can access and make sense 
of science relevant to their lives.” I agree that we want nonscientists 
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to “judge the credibility of scientific 
claims,” but I contend that teaching 
about exciting, mind-bending, and 
current results can inspire students 
to do better in all their studies, not 
just those in science courses. 

I suggest adding several com- 
ponents to the list of Next Genera- 
tion Standards listed in the Venn 
diagram in “Opportunities and 
challenges in next generation stan- 
dards” (E. K. Stage ef al., Education 
Forum, p. 276). Students should 
recognize that many scientific ques- 
tions are currently unsolved. They should study current trailblazers 
and the sequence of discovery. Courses should emphasize the impor- 
tance of current research. Each topic should end with a summary of 
some outstanding questions. 

Without context, students may leave school thinking that physical 
science ended with Newton and that it isn’t important to support our 
current research efforts. They may believe that scientific problems have 
been solved and can all be dealt with in classroom-quality laboratories. 

JAY M. PASACHOFF 
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Self-Medication: 


A Learning Process? 


WE WELCOME THE RECOGNITION THAT SELF- 
medication in animals is widespread (“Self- 
medication in animals,” J. C. de Roode et al., 
Perspectives, 12 April, p. 150). However, we 
disagree with the assumption that learning is 
only a valid explanation of self-medication 
for animals with high cognitive abilities and 
the ability to make “conscious decisions.” 
This assumption underestimates the power 
and pervasiveness of learning. 
Conditioned flavor aversions provide 
a flexible and effective mechanism for all 
animals to assemble balanced, nutritious, 
and safe diets and have been demonstrated 
in vertebrates, insects, and mollusks (/—3). 
Even slime molds can adjust their diets to 
meet specific nutritional needs (4). Ani- 


mals continually adjust and refine their diet 
preferences to achieve a state of nutritional 
and neurological homeostasis in the face 
of perturbation by nutritional deficits and 
excesses, ingestion of toxic compounds, 
and also, we suggest, infection by patho- 
gens and parasitoids (5). Simple animals 
can be guided by limited experience toward 
diets that achieve homeostasis through ther- 
apeutic self-medication, without cognitive 
awareness. 

De Roode et al. suggest that to con- 
vincingly demonstrate that a behavior is an 
adaptive form of therapeutic medication, it 
must be shown to be relevant in the host’s 
natural environment. Although this is nec- 
essary to demonstrate a behavior’s adaptive 
significance, studies with novel therapeutic 
substances can test the flexibility of thera- 
peutic self-medication strategies and estab- 


lish the true roles of learning and of hard- 

wired responses. We urge researchers not to 

overlook the myriad fascinating processes 

that may underlie self-medication by any 
organisms. 
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Response 

WE AGREE WITH MOORE ET 
al. that learning is wide- 
spread among organisms 
of vastly different cogni- 
tive abilities, providing 
the potential to adjust diet 
to combat agents of dis- 
ease. However, the key 
word here is “potential.” 
None of the articles cited 
by Moore ef al. on insects 
(J), mollusks (2), or slime 
molds (3) actually pres- 
ents evidence of learned 
medication behavior. 
Instead, they provide evi- 
dence that learning can adjust the behavior 
of organisms in response to the palatability 
or nutritional content of food. We certainly 
agree that learned responses to food qual- 
ity should influence aspects of disease sus- 
ceptibility in a much wider variety of orga- 
nisms than only vertebrates (4), but evidence 
for it remains poor at present. Rather, our 
Perspective describes documented exam- 
ples of medication behavior against agents 
of disease. 

While we agree that assessing the role of 
learning in medication behavior is an impor- 
tant goal across taxa, we also suggest that 
an overemphasis on learning is not helpful 
because it can exclude important alterna- 
tive mechanisms. For example, the emerg- 
ing studies of medicating kin that we describe 
in our Perspective (5, 6) are unlikely to be 
“guided by limited experience toward diets 
that achieve homeostasis.” Diseased mon- 
arch butterflies preferentially oviposit on 
medicinal milkweed, which reduces disease 
in their offspring (5). This behavior does not 
involve ingestion of the plants and thus is not 
regulated by internal homeostasis. In general, 
medicating kin appears to result from innate 
behaviors rather than individual learning. 

We also agree that artificial diets can be 
useful for exploring the flexibility of medi- 
cation behavior. Experiments with artifi- 
cial diets allow researchers to evaluate how 
dietary choices enable hosts to offset the costs 
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A monarch butterfly lays an egg on milkweed. 


of disease resistance (7, 8). Nonetheless, the 
evolutionary and ecological consequences of 
medication that we describe in detail in our 
Perspective can only emerge when medica- 
tion behaviors take place beyond the simpli- 
fied universe of the laboratory. 
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CORRECTIONS AND CLARIFICATIONS 


Reports: “Enantioselective synthesis of pactamycin, a complex antitumor antibiotic” by J. T. Malinowski et al. (12 April, p. 
180). Reference 31 should be “R. Shen, C. T. Lin, E. J. Bowman, B. J. Bowman, J. A. Porco, Org. Lett. 4, 3103 (2002).” Also, 
this reference should be referred to in the text as “Shen et al.” The HTML and PDF versions online have been corrected. 


News Focus: “The deep Earth machine is coming together” by R. A. Kerr (5 April, p. 22). The global map was incomplete. 
Due to a production error, 24 of the 25 Large Igneous Provinces (LIPs) had been deleted. In the corrected map (shown here), 
23 of the 25 LIPs fall near the edges of LLSVPs—the two piles of material on the bottom of the mantle—suggesting that 
rising plumes connect LLSVPs to volcanic centers on the surface. The image has been corrected in the HTML and PDF ver- 


sions online. 
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Perspectives: “The perfect hypnotic?” by E. Mignot (5 April, p. 36). Chloral hydrate, meprobamate, and barbiturates were 
touted as nonaddictive miracle tranquilizers at the beginning of the 20th century, not at the beginning of the 19th century 
as indicated in the first line of the second paragraph. The HTML and PDF versions online have been corrected. 


News: “The downside of diversity” by J. Kaiser (special section of Cancer Genomics, 29 March, p. 1543). The article incor- 


rectly attributed “punctuated evolution” to Darwin. The concept comes from the hypothesis of “punctuated equilibrium 


” 


proposed by Niles Eldredge and Stephen Jay Gould in 1972. The HTML and PDF versions online have been corrected. 


News Focus: “Pollutants capture the high ground in the Himalayas” by J. Qiu (1 March, p. 1030). In the map on p. 1031, 
the relative locations of Mt. Everest and the Nepal Climate Observatory at Pyramid are inaccurate. The correct coordinates 
for Pyramid station are 27.95 N, 86.82 E, and for Mt. Everest are 27.99 N, 86.93 E. 
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SOCIAL SCIENCES 


A (Science-Based) Poor Kids’ Manifesto 


Samuel Bowles 


essay with “The accident of birth is a 

principal source of inequality in Amer- 
ica today. American society is dividing into 
skilled and unskilled. ... [B]irth is becoming 
fate.” To counter that trend, Heckman argues 
for a “strategy that works,” based on the fol- 
lowing logic: “[B]oth cognitive and socio- 
emotional skills develop in early child- 
hood, and their development depends on 
the family environment.” Growing up poor 
deprives children of opportunities to develop 
these skills, and “family environments in 
the United States have deteriorated.” In 
response, Heckman advocates early inter- 
ventions such as the enriched preschool envi- 
ronments and home visits by professionals 
to assist parents that his research shows can 
“produce positive and lasting effects on chil- 
dren in disadvantaged families.” 

The take-home message is that the kids of 
poor parents often grow up to be poor, that this 
fact has little to do with genetics and every- 
thing to do with the socioemotional behav- 
iors associated with growing up poor, and that 
something can be done to break this cycle of 
poverty. If you are losing patience with over- 
blownclaims and rhetoric by policy advocates, 
read this book: It’s not every day that you get 
a pro-poor manifesto written by an econome- 
trician whose Nobel prize was awarded for 
advances in the quantitative evaluation of the 
effectiveness of public policy. 

Giving Kids a Fair Chance is remark- 
able for the scientific advances that it repre- 
sents, in good part due to Heckman and his 
co-authors. When Lyndon Johnson launched 
his War on Poverty 50 years 
ago, most economists would 
have objected to the book’s 
first two claims: that economic 
success and failure run in the 
family and that nongenetic and 
noncognitive aspects of behav- 
ior are central to this process. 
As recently as the late 1980s, 
Heckman’s colleague at the 
University of Chicago and fellow Nobel lau- 
reate Gary Becker could affirm the “land of 
opportunity” moniker for the United States: 
“Aside from families victimized by discrim- 


Jess Heckman opens his compelling 
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ination ... [a]lmost all earnings advantages 
and disadvantages are wiped out in three 
generations” (/). In his presidential address, 
Becker reassured the members of the Ameri- 
can Economic Association that “low earnings 
as well as high earnings are not strongly trans- 
mitted from fathers to sons.” (2). 

The third claim—that we can do some- 
thing to help poor kids succeed—was the 
hope animating Johnson’s War on Poverty, 
but it was based on no convincing evidence. 
Arthur Jensen began a celebrated 1969 paper 
“Compensatory education has been tried, 
and apparently it has failed” (3), and he 
pointed to genetic limits to raising the cogni- 
tive skills of poor kids. 

But we now know that Becker’s opti- 
mism was based on a statistical lapse: what 
appeared to be high levels of intergenera- 
tional mobility in his data resulted from a fail- 
ure to take into account measurement errors 
that reduce the statistical asso- 
ciation between indicators of 
parental and offspring eco- 
nomic status (4-7). Much of 
what looked to Becker like 
mobility turned out to be sta- 
tistical noise. The corrected 
data reveal the United States 
as a global leader in the extent 
to which economic success is 
passed on within families (8). And although 
subsequent years have witnessed many failed 
attempts to significantly raise the cognitive 
performance of poor children, convincing 
evidence for a number of highly effective 
interventions (9, /0) has challenged Jensen’s 
pessimism on this score. 


Moreover, what counts as an effective 
intervention on behalf of the children of the 
poor has changed. Extending earlier work by 
Herbert Gintis (//), Heckman’s own research 
has overturned the once-dominant notion that 
effective schooling opens the doors of eco- 
nomic opportunity simply by improv- 
ing cognitive skills (72). Commenting 
on an intervention whose long-term 
effects he has closely studied, Heck- 
man notes: “The Perry Preschool Pro- 
gram improved the lives of its par- 
ticipants without increasing their IQ 
scores, demonstrating why it is prob- 
lematic to focus curricula exclusively 
on improving cognitive test scores” 
(12). There is now ample evidence 
that—whether by altering the noncog- 
nitive aspects of behavior stressed by 
Gintis and Heckman or by raising cog- 
nitive performance—improved educa- 
tion (for example, smaller class size) 
can raise the adult incomes and other 
measures of socioeconomic success among 
the children of poor parents (/3, /4). 

The book stands out among economic 
studies in its attention to noncognitive skills, 
“including strength of motivation, an abil- 
ity to act on long-term plans, and the socio- 
emotional regulation needed to work with 
others” or “character.” We know that the labor 
market values these traits (/5), although call- 
ing character a skill is not only odd, it hides 
a possible difficulty (one raised in two of the 
commentaries that follow Heckman’s essay). 
By a skill, we typically mean some capacity 
of which more is uncontroversially better; so 
few parents or citizens object when children 
are subjected to compulsory skill enhance- 
ment (schooling). But if by noncognitive skill 
or character Heckman means, as it seems, 
whatever social behavior the labor market 
rewards, the case is more complicated. There 
is some evidence, for example, that Ameri- 
can workers and students are penalized by 
firms and schools (in promotions and grades, 
respectively) if they are seen to be “indepen- 
dent” and “creative” (/6). Of course, parents 
want their child to become the kind of adult 
that employers seek out rather than shun. 
But nobody (including Heckman, I’m sure) 
would want the labor market’s litmus test— 
an individual’s expected contribution to an 
employer’s profits—to become the sole adju- 
dicator of the kinds of people our children are 
to become. 

For the United States, Heckman makes a 
strong case that government should provide 
substitutes to fill the gaps when poor par- 
ents—too preoccupied and stressed out mak- 
ing ends meet or getting adequate medical 
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care, or for any other reason—do not do all 
that is needed for their kids. But giving poor 
kids a fair chance requires more than plug- 
ging the parenting gaps. It requires address- 
ing the problem of poverty itself. 

By the measure of cognitive scores, the 
youth ofa great many countries outscore their 
American counterparts. What is distinctive 
about the consistently high-scoring countries 
such as Finland, Belgium, and South Korea 
is not the amount they spend on schooling, 
but the fact that they are far less economi- 
cally polarized than the United States. The 
interventions Heckman advocates, as well 


as other policies to end the inheritance of 
poverty, are necessary but hardly sufficient. 
Addressing the poverty of the parents is no 
less urgent. As the economic dynamism of 
the countries just mentioned suggests, it need 
not come at a heavy cost. 
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Evolving Beyond Stone Age Fantasies 


Catherine Woods 


e all yearn for the good old days, 

but it is probably safe to say 

most of us aren’t referring to the 
Paleolithic era. A few hardy souls, how- 
ever, have adopted a paleo lifestyle in the 
belief that humans are evo- 
lutionarily better suited for 
a presumed environmental 
and cultural setting that our 
ancestors occupied between 
2.3 million and 10 thou- 
sand years ago. Wearing 
webbed FiveFinger running 
shoes, eating only meat, and 
donating blood regularly (to 
mimic ancestral iron levels), 
these paleo devotees drastically change 
their lives to be more like our prehistoric 
ancestors. They subscribe to the belief that 
our physiology and culture are at an imbal- 
ance with our current climate. They are, in 
short, living out paleofantasies. 

In Paleofantasy: What Evolution Really 
Tells Us About Sex, Diet, and How We Live, 
Marlene Zuk tackles the paleofantasies of 
exercise, diet, and family dynamics with a 
clever sense of humor. Using content from 
scientific journals to informal paleo blogs, 
Zuk (an evolutionary biologist at the Uni- 
versity of Minnesota) works hard to convey 
a simple idea—longing for the days before 
tool use is not only unnecessary but silly. 

Let’s paint a basic picture of this fantas- 
tical Paleolithic man. He is a barefoot for- 
ager with a wife and kids. His battles come 
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in spurts, requiring strength to throw stones 
but not endurance to run long distances. 
His family’s mobile existence prevents 
them from keeping animals and managing 
crops. And the most essential component of 
the fantasy: no Paleolithic man 
deviates from this routine. 

Although Zuk dissects these 
behaviors, her primary argu- 
ments resonate against all 
aspects of the paleo lifestyle. 
She highlights the growing evi- 
dence that the behavior of paleo 
humans, whether it is diet or 
matrimony practices, was not 
uniform. The lives of our paleo 
ancestors differed, much in the same way 
that not all humans today live in high-rises 
or do yoga. 

Paleofantasy reinforces the theme that 
evolution continues, even for humans. Zuk 
acknowledges that our ability to take down 
a saber-toothed tiger would require more 
gadgets (running shoes, contact lenses, a 
global positioning system) than our prehis- 
toric ancestors might need. But how would a 
caveman fare in managing our modern-day 
stock market or finding his way out of an 
Ikea? Bipedalism and big brains emerged 
from the Paleolithic era to be used against 
today’s challenges. Humans are most cer- 
tainly still evolving, just not necessarily in 
ways we might expect. 

Zuk also does well to remind us that 
evolution has no specific end goals: “[N]o 
organism gets to a point of perfect adap- 
tation, heaves a sigh of genetic relief, and 
stops.” The biggest problem with paleo- 
fantasies is that they assume that at one 


point humans were in balance with their 
surroundings. But evolution never stops to 
rest. Climate, geography, bacteria, and even 
humans do not exist independent of one 
another; as changes occur in one part of the 
world, evolution follows in all other parts. 

While evolution may seem like a dry 
topic to some, Zuk keeps readers enter- 
tained by poking fun at her paleo oppo- 
nents and using clever section titles such as 
“Cavemen in Condos.” Even for those who 
haven’t heard of the paleo lifestyle, Zuk’s 
book is full of entertaining tidbits such as 
recently evolved genetic variants that pre- 
dict athleticism or give us the ability to 
breathe at high altitudes. 

Targeting the popularized Paleolithic 
man is really just a strategy for Zuk’s larger 
goal of celebrating evolution. The degree 
to which she emphasizes present-day adap- 
tations over paleo counterarguments can 
leave the reader thirsty for more details on 
evolution. 

At no point does Zuk make dire predic- 
tions that practicing the paleo lifestyle will 
lead to tragedy, illness, or death. Rather, she 
dispels the idea that living like our ances- 
tors provides some kind of advantage. 
Paleofantasy is not another self-help book 
offering answers on how to eat, exercise, or 
love better in our evolving world. Instead, 
Zuk emphasizes that we can approach these 
aspects of our lives differently based on our 
genetic makeup. 

All of Zuk’s facts and anecdotes remind 
us that who we are goes far beyond our 
career or recent recollections. Instead we 
carry with us a set of genes molded by the 
lives of our ancestors—cavemen, explorers, 
colonists, and even hippies. We do not need 
to live like we are still in the past, because in 
essence the past has made us capable of all 
we can do today. 
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Robert C. Green” 


r | “he American College of Medical 
Genetics and Genomics (ACMG) 
recently issued a statement (/) rec- 

ommending that all laboratories conducting 
clinical sequencing seek and report patho- 
genic and expected pathogenic mutations 
for a short list of carefully chosen genes and 
conditions. The recommendations estab- 
lish a baseline for reporting clinically rele- 
vant incidental findings and articulate ethi- 
cal principles relevant to their disclosure. 
The ACMG acknowledged that the list will 
evolve over time and is developing a mech- 
anism for community input (2). This paper 
focuses on the ethical framework for the rec- 
ommendations, rather than on the choice of 
which genes to include on the list. 


Standards Are Needed 

An increasing number of laboratories con- 
duct clinical whole-genome and whole- 
exome sequencing (WGS-WES) (3) and 
have the potential to seek and report inci- 
dental findings, but there are no standards 
to guide their scope of analysis or report- 
ing. The results a clinician receives depend 
in part on what laboratory is used, and some 
laboratories may report incidental findings 
of limited or uncertain clinical utility. The 
recommendations set a standard for best 
laboratory practices, by limiting the obliga- 
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tions of laboratories to incidental findings 
that meet a high threshold of clinical utility. 
The recommendations thus aim to discour- 
age potentially harmful overreporting and 
unjustified variation in reporting practices. 
The threshold for reporting incidental 
findings was based on variant frequency, the 
potential for medical intervention to mitigate 
disease, the strength of association between 
specific gene abnormalities and the condi- 
tion, and penetrance of those genes. The rec- 
ommendation’s authors estimate that only 
about 1% of patients will receive such an 
incidental finding (/). Criteria were intention- 
ally set high to include only “unequivocally 


Laboratories have an obligation to report 
clinically beneficial incidental findings. 


Respect for Patient Autonomy 

The recommendations reflect a core princi- 
ple of professional medical ethics: The deci- 
sion about appropriate scope of analysis and 
judgments about which findings are clinically 
beneficial are matters of expert professional 
judgment. Patients retain the decisional right 
to decline clinical sequencing, but, as is true 
for other diagnostic and screening proce- 
dures, the decision about the minimum list of 
genes to be interrogated requires professional 
expertise (4). Some have characterized this 
as borderline coercive (5) and testing with- 
out informed consent (6). This incorrectly 
assumes that analysis of clinically beneficial 


“The recommendations represent an initial attempt to set a 
professional standard for best laboratory practices..." 


pathogenic mutations in genes where patho- 
genic variants lead to disease with very high 
probability and where evidence strongly sup- 
ports the benefits of early intervention” (2). In 
other words, these are clinically relevant find- 
ings, knowledge of which is likely to benefit 
the patient and promote health. 

The recommendations essentially argue 
that laboratory personnel have a professional 
obligation to conduct a comprehensive evalu- 
ation of available test results to identify such 
clinically significant findings. This is true in 
all areas of medicine. To treat genomic infor- 
mation differently would constitute unjusti- 
fied genetic exceptionalism. This ethical stan- 
dard already governs clinical genetics prac- 
tice. For example, if a patient is being evalu- 
ated for a hereditary cardiac condition, prac- 
tice standards for the geneticist dictate that he 
or she should take a three-generation family 
history and search for patterns that reveal 
genetic predisposition to disease. If a predis- 
position to cancer is recognized, it should be 
communicated and followed up on. The tran- 
sition from gene and panel testing to WGS- 
WES creates the same opportunity and obli- 
gation to identify and report clinically benefi- 
cial incidental findings. 


incidental findings is a discrete test requiring 
separate consent, whereas in reality it is inte- 
gral to the primary interrogation. WGS-WES 
constitute a single comprehensive assessment 
using complex analytic algorithms for inter- 
pretation. The recommendations state that the 
ordering clinician is responsible for obtaining 
informed consent for this test and providing 
both pretest and posttest counseling “so that 
the patient is aware of not only the implica- 
tions and limitations of the primary testing, 
but also the analysis that is being performed 
for incidental findings” (/). In other words, 
consistent with the ethical standards of 
informed consent and the principle of respect 
for patient autonomy (7), patients should be 
informed of the benefits of testing, as well as 
its risks and alternatives. 

The recommendations’ ethical standard 
for informed consent actually exceeds the 
legal standard in most states. Most diagnos- 
tic and risk assessment evaluations, including 
genetic testing in the majority of states (8), 
are performed under a general, simple con- 
sent to treat, because it is justifiably assumed 
that a reasonable patient would agree to a 
comprehensive evaluation to identify clini- 
cally beneficial information. 
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Some mistakenly infer from the recom- 
mendations that patients have no choice 
about which results they receive, thus vio- 
lating a patient’s right not to know. The right 
not to know is ethically controversial, and 
most of the relevant literature relates to find- 
ings for which no clearly beneficial inter- 
ventions are available (9). Nonetheless, the 
recommendations explicitly state that the 
clinician-patient interaction is the appropri- 
ate place for incidental findings to be man- 
aged (/). Although the recommendations set 
a minimum standard for analysis and report- 
ing, the physician and patient may decide 
together whether additional analyses and 
disclosures would be beneficial. There may 
be rare circumstances in which a physician, 
in consultation with the patient, decides not 
to follow the recommendations; for exam- 
ple, where WGS-WES will likely be ben- 
eficial to the patient for his or her primary 
clinical concern, no other test alternative is 
available (e.g., targeted testing is unavail- 
able, has been tried, or is too expensive), 
and the patient insists that he or she does not 
want to be informed about incidental find- 
ings, even if disclosure could lead to benefi- 
cial intervention. When this occurs, the cli- 
nician must ensure that the patient’s refusal 
is informed. If refusal persists, and the cli- 
nician agrees not to follow the recommen- 
dations, then the clinician should document 
this as a deviation from recommended anal- 
ysis and disclosure, equivalent to refusing 
disclosure of any other clinically significant 
information. The clinician should inform the 
patient about practical constraints, includ- 
ing the difficulty of keeping the laboratory 
report out of the electronic medical record. 


Treat Children and Adults Equally 

Traditional guidance for genetic testing of 
children, reflected in a joint statement by the 
ACMG and the American Academy of Pedi- 
atrics (AAP), recommends that “predictive 
genetic testing [of children] for adult-onset 
conditions generally should be deferred 
unless an intervention initiated in childhood 
may reduce morbidity or mortality” (/0). It 
follows that, barring unusual psychosocial 
circumstances or a request by a mature minor, 
genetic testing for adult-onset conditions 
should not be performed even when parents 
request it. The primary rationale is a desire 
to preserve the child’s ability, when he or she 
reaches adulthood, to make an autonomous 
informed decision about testing. 

The recommendations suggest that seek- 
ing and reporting incidental findings should 
not be contingent on the age of the person 
being sequenced. This does not contradict the 


AAP-ACMG position, because the two state- 
ments reflect fundamentally different con- 
texts. The AAP-ACMG statement addresses 
the child who is known to be at risk of an 
adult-onset genetic condition for which no 
intervention can be initiated during child- 
hood. For this child, the relevant alternatives 
are to (i) offer testing now, or (ii) defer test- 
ing until the child can make his or her own 
informed decision. Whereas option (i) may 
impose a test on a child that he or she might 
otherwise have chosen not to undergo, there 
is essentially no harm associated with option 
(ii), other than restriction of parental choice 
and authority. The issue of testing the child 
can safely be addressed when the child is an 
adult. In addition, because other at-risk adult 
family members are presumably aware of the 
proband’s condition and of their own risk, 
they can elect to undergo testing. 

The current recommendations address a 
very different context, in which the balance of 
interests, both of the child and of the family, 
must be reconsidered. In the case of incidental 
findings, where there is no prior information 
that identifies the family as at risk, the labo- 
ratory can either: (i) seek and report inciden- 
tal findings included on the list to the order- 
ing clinician, or (ii) not seek or report such 
findings. Option (i) runs the risk of imposing 
knowledge on the parents, child, and future 
young adult that they might nonetheless pre- 
fer not to have received, but offers potential 
medical benefit both to the child and to at- 
risk family members. In contrast, option (ii) 
withholds information that is potentially life- 
saving for the child, one of the parents, and 
potentially other family members—informa- 
tion that they would otherwise have no reason 
to suspect (2). Furthermore, because the cli- 
nician and family are unaware of the child’s 
risk, deferral of testing is not an option and 
preservation of the child’s ability to make a 
future autonomous choice—the motivation 
underlying the AAP-ACMG proscription— 
is logically precluded. Thus, if the laboratory 
and clinician do not alert the child and fam- 
ily to the newly discovered risk information, 
they ignore potentially preventable harm to 
the child and other family members, fail to 
recognize parents’ obligation to protect and 
promote the best interests of the child, and 
prevent them from making informed deci- 
sions about their child’s and their own subse- 
quent clinical management. 


Implications and Next Steps 

The recommendations represent an initial 
attempt to set a professional standard for 
best laboratory practices that will responsi- 
bly minimize variation in laboratory analysis 


and reporting of clinically beneficial inciden- 
tal findings. They should be seriously con- 
sidered by laboratory personnel, but they do 
not have the force of law. In the event of mal- 
practice litigation, the recommendations may 
be introduced as evidence of the standard 
of care. Ultimately, they will be considered 
in light of all other evidence to determine 
whether the defendant’s actions were con- 
sistent with what a reasonable professional 
might have done. The recommendations set a 
minimum standard for analysis and reporting 
of clinically beneficial incidental findings. 
By setting a high threshold for the reporting 
of findings with likely clinical benefit, they 
may also protect against liability for fail- 
ure to report incidental findings that are not 
included on the list. 

Tremendous investment has been made 
in studying the clinical utility of WGS-WES, 
including psychosocial benefits and harms 
of receiving incidental findings (//). As new 
evidence emerges, the list of reportable genes 
will be refined. Careful consideration should 
also be given to the application of these and/ 
or other recommendations to preconcep- 
tion, prenatal, and newborn sequencing and 
sequencing of those without symptoms. 
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POINT-COUNTERPOINT 


Patient Autonomy and Incidental 
Findings in Clinical Genomics 


Susan M. Wolf, * George J. Annas, ? Sherman Elias* 


xome and whole-genome sequenc- 
KB are rapidly moving into clinical 

application to aid diagnosis and treat- 
ment. However, a startling statement by the 
American College of Medical Genetics and 
Genomics (ACMG) may prove to be a stum- 
bling block (/). Rather than reconfirming 
well-established principles of patient auton- 
omy and informed consent that have long 
applied in medical genetics and in medical 
practice more broadly, ACMG recommends 
an abrupt change. 

When clinical sequencing is under- 
taken to look for a “primary finding” (i.e., 
“a pathogenic alteration in a gene or genes 
that are relevant to the diagnostic indication 
for which the sequencing was ordered”), the 
ACMG calls for laboratories to search for 
“pathogenic and likely pathogenic variants” 
in an additional 57 specified genes and report 
results without seeking patient consent. 
These “incidental findings” are “results that 
are not related to the indication for order- 
ing the sequencing but that may nonetheless 
be of medical value or utility to the order- 
ing physician and the patient.” However, 
the ACMG addresses only “the results of a 
deliberate search” for specific variants, not 
other genetic findings discovered unexpect- 
edly, the more common use of the term “inci- 
dental findings” (2-4). 

The ACMG calls for clinicians to report 
the results of the deliberate search for inci- 
dental findings to the patient, with no oppor- 
tunity for the patient to decline unwanted 
information. The patient’s only choice is to 
decline sequencing altogether, even if med- 
ically indicated. The ACMG imposes these 
requirements even when the patient is a child 
who has no medical need for these results 
during his or her childhood. The ethical and 
legal problems raised are profound. A recent 
ACMG clarification of this practice state- 
ment, in response to concerns, makes the 
problems worse (5). The clarification reit- 
erates that patients cannot opt-out of testing 
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on the 57 genes and now says that failing to 
report these test results would be “unethical.” 


Patient Decisions and the Right Not to Know 

The ACMG rejects the need for the patient’s 
informed consent to a deliberate search for 
these incidental findings, claiming that the 
amount of genetic counseling required would 
be too great. Yet the report marshals no data 
to support this conclusion and never consid- 
ers proposals in the literature for streamlin- 
ing the consent process when large numbers 
of genes are evaluated, such as “generic con- 
sent,” which would allow the patient to con- 
sider categories of genetic tests together (6). 
The report also rejects the idea that labora- 
tories should mask analysis of certain genes 
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Returning genetic incidental findings without 
patient consent is misguided. 


an x-ray. The analogy is misplaced. A delib- 
erate hunt on a predetermined list of genes 
unrelated to the diagnostic reason for which 
sequencing was ordered is very different 
from the unexpected finding of a tumor in or 
near the area of primary concern in the field 
imaged by an x-ray. Patients would have no 
reason to expect a hunt for incidental find- 
ings in the 57 disparate genes on the ACMG 
list, especially when the list includes genes 
whose analysis and reporting have long 
required patient consent. 

The ACMG is mistaken in basing their 
search and disclosure recommendations on 
a “fiduciary duty” to prevent the harms these 
findings may suggest. In both ethics and 
law, the clinician has a core fiduciary duty 


‘Autonomy protects the patient's right to make a decision 
different from what the clinician might choose." 


when there was no consent to search for them 
or could tailor reports, based on unsubstanti- 
ated fears of “unrealistic burden upon labo- 
ratories.” 

Rejecting the need for the patient’s 
informed consent to look for mutations in a 
predetermined list of 57 genes is a profound 
departure from prevailing law and norms. 
Informed consent is a well-established legal 
requirement designed to protect patient 
autonomy—not a matter susceptible to mod- 
ification by experts in human genetics, no 
matter how learned. Circumstances in which 
clinicians can test without consent are rare 
exceptions. In a medical emergency that pre- 
vents seeking consent—for example, when 
the life or health of an incompetent or uncon- 
scious patient is in imminent danger, and no 
one is available to consent—society allows 
physicians to treat without consent (7). How- 
ever, this does not apply when laboratories 
and clinicians perform clinical sequencing, 
because they are not responding to a medical 
emergency threatening imminent harm and 
preventing them from seeking consent. 

ACMG suggests that their recommended 
search for incidental findings is analogous to 
a radiologist spotting and reporting an unex- 
pected tumor or other finding of concern on 


to respect the patient’s right to decide what 
testing to undergo and what information to 
receive. Patients have an established right 
to refuse unwanted medical tests and the 
information they might disclose, even if that 
information would offer potential medical 
benefit (8, 9). Indeed, the ACMG has recently 
affirmed the right to refuse unwanted inci- 
dental findings in clinical genomic sequenc- 
ing (/0). If the ACMG is now worried about 
potential liability for failing to return results 
from their list, they should urge clinicians 
to document the patient’s refusal, not strip 
patients of the right to decide. Inflicting 
unwanted information on patients carries 
its own risk, as unwanted information may 
lead to anxiety, further clinical workup, and 
potentially burdensome interventions. 

The ACMG’s “minimum list” includes 
mutations in genes that patients have long 
been able to refuse testing for, including can- 
cer risk mutations (such as BRCA/) and car- 
diovascular risk mutations. There are many 
circumstances in which a patient may decline 
such testing and information, even if the 
results could open avenues for intervention. 
The patient may already be battling another 
disease, such as advanced cancer, or be late 
in life and see more burden than benefit in 
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added genetic information. The patient may 
also fear that “extra” results in their medical 
record will invite risk of discrimination (//). 

The whole idea behind informed consent 
is that patients are individuals who are enti- 
tled to make medical decisions in keeping 
with their own values. Autonomy protects 
the patient’s right to make a decision differ- 
ent from what the clinician might choose and 
even to reject information and treatment that 
might maximize life expectancy. Although 
ACMG’s new clarification refers to “shared 
decision-making” by provider and patient, 
there is no recognition of the patient’s right to 
refuse testing and results. Indeed, ACMG’s 
claim that failure to report the findings on 
their list would be unethical will likely com- 
pel laboratories and physicians to report. Yet 
this claim is incorrect. Patients have the right 
to refuse testing and findings, even if poten- 
tially lifesaving. Just because many patients 
might want this information does not mean 
that it can or should be imposed on all. 


The Child’s Right to Limits on Testing 

The report also departs from long-standing 
consensus recommendations on testing chil- 
dren. The ACMG acknowledges that “stan- 
dards for predictive testing in clinical genet- 
ics recognize a distinction between provid- 
ing results to adults and providing results 
to children and adolescents, with consis- 
tent recommendations that predictive test- 
ing for adult-onset diseases not be offered 
to children.” This consensus has stood since 
at least 1995, when the ACMG and Ameri- 
can Society of Human Genetics published 
recommendations (/2). Just this year, the 
ACMG and American Academy of Pediat- 
rics reiterated that “Decisions about whether 
to offer genetic testing and screening should 
be driven by the best interest of the child” 
(13, 14). 

The report emphasizes that searching for 
incidental findings in the child’s 57 genes is 
an opportunity for other family members to 
learn of variants that may be important for 
their own health. Yet this is exactly what past 
recommendations have rightly rejected, in 
limiting genetic testing and disclosure of 
genetic information to what is medically nec- 
essary during childhood. Delaying testing 
and return of genetic information not med- 
ically useful in childhood allows the child 
to reach adulthood and then make a choice 
based on his or her own values. The child’s 
right to genetic privacy and future choice 
is preserved. ACMG argues that potential 
health benefit to a parent may benefit the 
child, but past guidance has found the clear 
risk of harms to the child more compelling. 


ACMG’s clarification now claims that 
limits on testing children for adult-onset 
conditions do not apply to the incidental 
findings on their list. Yet consensus limits on 
pediatric testing have long applied to vari- 
ants conferring risk of serious adult-onset 
disease. When children have undergone clin- 
ical sequencing, they can choose at adult- 
hood whether to request their findings. Even 
for child-onset conditions, past guidelines 
have required consent to testing (/3). 


Problems with the List 

In addition to the problems of unconsented 
testing and disclosure, even in children, 
there are problems raised by ACMG’s list of 
57 genes. These genes and the types of vari- 
ants that laboratories must search for and 
report can be broken down into three basic 
categories covering a wide range of medi- 
cal conditions: risks for developing cancer 
and noncancerous tumors (24 genes), car- 
diovascular risks (31 genes), and adverse 
reactions to commonly used anesthetics 
(2 genes). The report indicates that the cri- 
teria they used include: “clinical validity 
and utility,’ recognized or expected patho- 
genicity of the sequence variant, “variants 
with a higher likelihood of causing disease” 
(although ACMG notes “that there are lim- 
ited data available in many cases to make 
that assessment’), availability of “preven- 
tive measures and/or treatment,” inclusion 
of mutations that “might be asymptomatic 
for long periods of time,” and availability of 
“confirmatory approaches for medical diag- 
nosis” (although ACMG recognized “that 
this standard could not be met for all of the 
conditions listed”). 

If the ACMG was trying to justify required 
search and disclosure of incidental findings 
without patient consent, the criteria should 
have been considerably more stringent (such 
as significant likelihood of substantial harm 
in the near future if not communicated). The 
broad criteria used would actually justify a 
much longer list of genes, including a num- 
ber associated with risk of other cancers. Sin- 
gling out this selection of 57 genes appears 
arbitrary. This problem is exacerbated by the 
fact that ACMG says a laboratory may look 
for incidental variants in additional genes 
“as deemed appropriate by the laboratory.” 
The criteria that laboratories will use remain 
unclear. The ACMG itself also plans to revisit 
its list annually. As the list expands, so will the 
scope of testing without consent and the num- 
ber of incidental findings potentially reported 
to the patient. 

The report tries to confine the impact 
of these recommendations by saying the 


authors chose not to consider preconcep- 
tion, prenatal, or newborn sequencing. 
However, if testing for incidental findings 
in the list of 57 genes is so important that 
they must be looked for whenever sequenc- 
ing is performed, why shouldn’t they be 
looked for in preconception, prenatal, and 
newborn sequencing? Starting down the 
path of unconsented testing and reporting in 
clinical genomics leads to grave difficulties, 
and should not be done without more care- 
ful analysis. 


Next Steps—Restoring Respect for Patients 

The ACMG should reconsider this practice 
statement. Clinical sequencing is a medi- 
cally important tool, already deployed for 
certain indications. Access should not be 
conditioned on patients’ surrender of estab- 
lished rights. Especially in the case of chil- 
dren, who will generally not even be able to 
exercise the option of walking away from 
sequencing, long-standing protections 
remain essential. The era of medical genom- 
ics requires a trusting partnership with 
patients, based on respect for their rights. 
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Vitamin Currency in a Lipid 


Exchange Market 


Bruno Mesmin and Bruno Antonny 


Te: most abundant form of vitamin E 
in mammals, o-tocopherol, is a vital 
lipid-soluble antioxidant that prevents 
damage to cellular lipids containing polyun- 
saturated fatty acids. A deficiency of this anti- 
oxidant leads to severe degenerative diseases 
such as ataxia, infertility, muscle degenera- 
tion, and perhaps atherosclerosis. Although 
vitamin E is present in appreciable amounts 
in food, regulation of its availability in the 
body is complex and involves several steps 
both outside and inside the cell (/). On page 
1106 of this issue, Kono et al. (2) reveal how 
the vitamin becomes localized at the plasma 
membrane, poised for release into the circu- 
lation, through a lipid transport protein that 
exchanges it for a very different lipid, a phos- 
phoinositide. 

o.-Tocopherol is the form of dietary vita- 
min E that is preferentially absorbed by the 
small intestine. It is transported to the liver by 
lipoproteins called chylomicrons, and then is 
released into the plasma as a component of the 
water-soluble very low density lipoprotein. 
One major mechanism for controlling the 
amount of circulating o-tocopherol involves 
a 30-kD intracellular protein in liver cells 
called a-tocopherol transfer protein (o-TTP) 
(3). a-TTP transports a-tocopherol from the 
cytosolic-facing leaflet of endosomal com- 
partments to the cytosolic-facing leaflet of 
the plasma membrane (see the figure). Struc- 
tural studies of &-TTP revealed that a mobile 
lid covering a hydrophobic pocket adopts an 
open conformation when &-tocopherol is not 
loaded, which suggests that the lid controls 
a-tocopherol exchange between a@-TTP and 
membranes (4). 

Inherited mutations in the gene encoding 
o-TTP result in a rare autosomal recessive 
neurodegenerative disease called ataxia with 
vitamin E deficiency (AVED) (5). Intrigu- 
ingly, none of the nine heritable point muta- 
tions in this gene found in AVED patients 
affect the lipid-binding pocket or the lid. 
Kono ef al. noticed that three of the muta- 
tions are located in a positively charged cleft 
on the protein surface and hypothesized that 
this region could be critical for @-TTP func- 
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A lipid transfer protein moves vitamin E 
through the cell to the cell surface by 
exchanging it for a phosphoinositide in 
the plasma membrane. 


Plasma membrane 


Cytoplasm 


o-TTP carrying 


Dealing lipids. (A) -TTP carries vitamin E from endosomes to the plasma membrane. (B) Delivery of vita- 
min E (a-tocopherol) to the plasma membrane is coupled to extraction of a very different lipid, PIP,, from 


this membrane. 


tion. The authors demonstrated that when 
residues in the positively charged cleft were 
mutated, o-TTP could no longer bind to neg- 
atively charged phosphoinositides (6). Phos- 
phoinositides are minor lipid components 
of cell membranes but play a major role in 
the “geography” within a cell by acting as a 
signpost for organelles. Each type of phos- 
phoinositide has a defined subcellular local- 
ization and its polar head group is recognized 
by specific protein domains (7). Through its 
positively charged cleft, o-TTP binds spe- 
cifically to phosphatidylinositol 4,5-bisphos- 
phate (PIP,), which is localized at the plasma 
membrane. 

The surprise is not that o-TTP interacts 
with the head group of PIP,; many peripheral 
proteins do so to target the plasma membrane. 
Rather, what is unexpected is that o-TTP 
extracts PIP, from the membrane. Kono et 
al. resolved the crystal structure of a-TTP 
in a ternary complex with a-tocopherol 
and PIP, and observed that o-tocopherol is 
located in the hydrophobic pocket whereas 
the head group of PIP, is bound to the posi- 
tively charged cleft. The acyl chains of PIP,, 
although poorly resolved, point toward the 


hydrophobic pocket. The molecular lid of 
a-TTP displays a position that is intermedi- 
ate between that of the closed and open con- 
formations (4). These observations suggest 
that the ternary complex is a snapshot of a 
transition state in a lipid exchange reaction in 
which PIP, in the membrane is swapped for 
a-tocopherol. 

Kono et al. reconstituted this lipid 
exchange reaction using artificial membranes 
(liposomes). When o-tocopherol and PIP, 
were present in the same liposomes, they 
bound to o&-TTP in a competitive manner, 
despite their contrasting structure and chemis- 
try. When the two ligands were present in two 
different liposomes, &-TTP transferred them 
in opposite directions. Considering the high 
affinity (dissociation constant K, ~10 nM) of 
a-TTP for a-tocopherol (8), PIP, exchange 
appears as a very powerful mechanism to 
release the vitamin from the transporter pro- 
tein. How does PIP, binding trigger the open- 
ing of the lid and -tocopherol displacement? 
The structure of the ternary complex suggests 
two possibilities: steric repulsions by the acyl 
chains of PIP, or allosteric rearrangements 
imposed by the polar head of PIP. 
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a-TTP belongs to the Sec14 family of 
evolutionarily conserved lipid transfer pro- 
teins. Structural studies on the yeast Sec14 
homolog | (Sfh1), a phosphatidylinositol 
(PI)/phosphatidylcholine transfer protein, 
showed that residues critical for PI binding 
are conserved among the Sec14 family mem- 
bers (9). It appears that positive residues criti- 
cal for PIP, binding in &-TTP are conserved 
as well, suggesting that phosphoinositide 
exchange activity might be a general property 
of Sec 14 proteins. It is noteworthy that muta- 
tions in the conserved positively charged 
cleft of the Sec14-like cellular retinaldehyde 
binding protein, which transports 1|1-cis- 
retinal (the pigment of photoreceptor cells), 
lead to hereditary retinopathy (/0). More- 
over, exchanging a specific lipid for a phos- 
phoinositide applies not only to Sec14 family 
members but also to another family of lipid 
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transporters, the oxysterol-binding homology 
(Osh)/oxysterol-binding protein-related pro- 
teins (ORPs). For example, the yeast protein 
Osh4p reportedly exchanges sterol for phos- 
phatidylinositol 4-phosphate between mem- 
branes in vitro (//). 

The evolutionary pressure for conserv- 
ing such a mechanism among different fami- 
lies of lipid transfer proteins probably resides 
with the chemistry and metabolism of phos- 
phoinositides. Their complex polar head pro- 
vides possibilities for initial contacts between 
proteins and membranes before the actual 
lipid exchange reaction takes place, a likely 
decisive advantage for fast and efficient reac- 
tions. Furthermore, phosphoinositides are 
constantly transformed through phosphoryl- 
ation and dephosphorylation reactions and, 
as such, might be easily removed from the 
transporter to allow multiple cycles of lipid 


A New Twist on Cooperative 


Catalysis 


Corinna S. Schindler and Eric N. Jacobsen 


T= stereochemical configuration of 
an organic compound is often linked 
directly to its physical and biologi- 
cal properties. Larger molecules can contain 
multiple stereochemical elements, and chi- 
ral catalysts are often used to control each of 
these defined spatial arrangements in the effi- 
cient synthesis of a complex target (/). Many 
powerful enantioselective catalysts, which 
control the handedness or absolute configu- 
ration of a product, have been developed (2), 
but full control of the relative configuration 
in compounds can be a greater challenge if 
multiple stereocenters are generated; high 
diastereoselectivity, where one relative con- 
figuration is established, may be achieved, but 
access to the complementary diastereomeric 
product usually requires major redesign of 
the catalyst, substrate, and/or reaction condi- 
tions, and in some cases is not possible at all 
(see the figure, panel A) (3). On page 1065 of 
this issue, Krautwald et al. (4) demonstrate an 
elegant solution to this challenge based on the 
cooperative action of multiple chiral catalysts 
in a single reaction. 

The idea of activating two different react- 
ing partners independently with two distinct 
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catalysts has been termed “dual catalysis” or 
“synergistic catalysis” (5). This strategy has 
been applied in asymmetric catalysis with 
some success by using a chiral catalyst and 
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transfer. The study of Kono ef al. points to an 
exchange market in cells, with key lipophilic 
compounds such as vitamins, sterols, pig- 
ments, and phosphoinositides acting as the 
currency. 
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Two independent catalysts working synergisti- 
cally allow the controlled synthesis of all four 

stereoisomers in a reaction that forms carbon- 
carbon bonds. 


the cooperative effect of a second, achiral cat- 
alyst (6). In a much smaller number of cases, 
researchers have successfully engaged two 
different chiral catalysts in a ne man- 
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Working hand in hand. The o-allylation of branched aldehydes generates two contiguous stereocenters. 
(A) Bond formation between the two reacting partners can form four stereoisomers as a complex reaction 
mixture. With an element of control present, e.g., a chiral catalyst, specific stereoisomers can be formed 
selectively. However, not all four stereoisomers are accessible. (B) A dual catalytic system independently 
activates each substrate by a distinct catalyst. (C) Krautwald et al. used stereodivergent dual catalysis in the 
a-allylation of branched aldehydes. Selective access to any stereoisomer is possible in a single transformation 
from the same set of substrates simply by choice of the appropriate catalyst combination. 
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ner. In one example, two chiral catalysts were 
used to induce conjugate addition reactions 
of cyanide (7). Only one stereocenter is cre- 
ated in that process, but substantial enhance- 
ment in enantioselectivity was observed 
through the “matching” of the two chiral cat- 
alysts. In another example, researchers used 
two different chiral secondary amine cata- 
lysts in the same reaction to effect a sequen- 
tial enantioselective conjugate addition and 
then trapping of the intermediate enolate (8). 
Through ingenious reaction design, the first 
catalyst was induced to fall off after the initial 
step, and the second catalyst entered and con- 
trolled the diastereoselectivity of the second 
stereocenter formation. As such, both stereo- 
centers of the product can be controlled, and 
thus all four of the possible stereoisomers 
could be accessed through proper choice 
of the two chiral catalysts. That work repre- 
sented an extraordinary illustration of a well- 
established strategy in asymmetric synthesis: 
chiral catalyst-controlled diastereoselectivity 
in a reaction of an enantioenriched substrate. 

Krautwald et al. also use two different chi- 
ral catalysts to control the formation of two 
stereocenters. However, their approach is 
fundamentally different from previous efforts 
in that it relies on the independent activation 
of two distinct reacting partners in a single 
reaction (see the figure, panel B). The goal is 
not for one catalyst to overcome or comple- 
ment the effect of the other, but rather for the 


two catalysts to induce stereoselectivity inde- 
pendently yet simultaneously. 

The concept is illustrated in the 
a-allylation of branched aldehydes, a carbon- 
carbon bond-forming reaction that generates 
two contiguous stereocenters (see the figure, 
panel C). Relying on previously established 
catalytic reactivity principles, the aldehyde is 
activated by an amine catalyst, and the allylic 
electrophile is activated by an iridium cata- 
lyst. The authors show in an unambiguous set 
of experiments that each catalyst controls the 
stereoselectivity of one of the substrates but 
has essentially no effect on the stereocenter 
derived from the other reacting partner. Then, 
in a stunning set of results, they show that two 
chiral catalysts working together achieve the 
desired effect of nearly perfect and indepen- 
dent control of each center. Selective access 
to every possible stereoisomer can thus be 
achieved in a single transformation from the 
same set of substrates simply by choice of a 
distinct catalyst combination. 

In principle, this has the potential to 
emerge as a powerful new strategy for reac- 
tion design, applicable to a wide range of 
important reactions. Many of the most pow- 
erful transformations in organic chemistry 
involve bond formation between two poten- 
tially prochiral reaction partners and thus 
can introduce multiple stereocenters in one 
operation. Notable examples include the 
Diels-Alder reaction, the aldol reaction, and 
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cyclopropanation reactions. Effective enan- 
tioselective catalytic variants are known for 
each of these classes of reactions but in all 
cases rely on the use of a single chiral cata- 
lyst. The question now is whether dual chi- 
ral catalysis of the type uncovered by Kraut- 
wald et al. might be applied to these and other 
broadly useful reactions in organic chemistry, 
thereby making it possible to access every 
stereochemical permutation of the products 
of interest by the same method, varying only 
the stereochemistry of the catalysts. 
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CLIMATE CHANGE 


What Are Climate Models Missing? 


Bjorn Stevens' and Sandrine Bony? 


ifty years ago, Joseph Smagorin- 

sky published a landmark paper (/) 

describing numerical experiments 
using the primitive equations (a set of fluid 
equations that describe global atmospheric 
flows). In so doing, he introduced what later 
became known as a General Circulation 
Model (GCM). GCMs have come to pro- 
vide a compelling framework for coupling 
the atmospheric circulation to a great variety 
of processes. Although early GCMs could 
only consider a small subset of these pro- 
cesses, it was widely appreciated that a more 
comprehensive treatment was necessary to 
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adequately represent the drivers of the cir- 
culation. But how comprehensive this treat- 
ment must be was unclear and, as Smagorin- 
sky realized (2), could only be determined 
through numerical experimentation. These 
types of experiments have since shown that 
an adequate description of basic processes 
like cloud formation, moist convection, and 
mixing is what climate models miss most. 


From GCMs to Earth System Models 

Smagorinsky’s GCM was designed around 
the premise that studies of the general cir- 
culation required a model capable of resolv- 
ing the heat transport from the equator to 
the poles. Its formulation was the next logi- 
cal step in a program of hierarchical model 
development best known for its pioneering 
contributions to numerical weather predic- 


A better representation of the coupling 
between atmospheric water and circulation 
is necessary to reduce imprecision in climate 
model projections. 


tion (3). The work paved the way for funda- 
mental studies of the atmospheric general 
circulation, and hence Earth’s climate. 

Over the past half century, many of 
these studies have focused on the types of 
numerical experiments anticipated by Sma- 
gorinsky. Beginning with basic processes 
like moist convection and cloud formation, 
which have long been appreciated as central 
to the energetics of the troposphere, a long 
succession of processes and couplings have 
been added to primitive-equation descrip- 
tions of the atmospheric general circulation. 
In so doing, GCMs have gradually morphed 
into Global Climate Models, and with the 
more recent incorporation of models of 
the biosphere and the associated cycles of 
important chemical nutrients, Earth System 
Models (4, 5). 
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CHANGE IN CLOUD RADIATIVE EFFECTS 


CHANGE IN PRECIPITATION 
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Wide variation. The response patterns of clouds and precipitation to warming vary dramatically depending 
on the climate model, even in the simplest model configuration. Shown are changes in the radiative effects of 
clouds and in precipitation accompanying a uniform warming (4°C) predicted by four models from Phase 5 of 
the Coupled Model Intercomparison Project (CMIPS) for a water planet with prescribed surface temperatures. 


Key Uncertainties 

The increase in complexity has greatly 
expanded the scope of questions to which 
GCMs can be applied (5). Yet, it has had 
relatively little impact on key uncertainties 
that emerged in early studies with less com- 
prehensive models (6). These uncertainties 
include the equilibrium climate sensitivity 
(that is, the global warming associated with 
a doubling of atmospheric carbon dioxide), 
arctic amplification of temperature changes, 
and regional precipitation responses. Rather 
than reducing biases stemming from an 
inadequate representation of basic pro- 
cesses, additional complexity has multiplied 
the ways in which these biases introduce 
uncertainties in climate simulations (7, 8). 

For instance, a poor understanding of what 
controls the distribution of tropical precipita- 
tion over land, and hence vegetation dynam- 
ics, limits attempts to understand the carbon 
cycle (9). Similarly, uncertainties in arctic 
amplification of warming hinder predictions 
of permafrost melting and resultant changes 
in soil biogeochemistry. 

Although the drive to complexity has not 
reduced key uncertainties, it has addressed 
Smagorinsky’s question (2) as to what level 
of process detail is necessary to understand 
the general circulation. There is now ample 
evidence that an inadequate representation of 
clouds and moist convection, or more gener- 
ally the coupling between atmospheric water 
and circulation, is the main limitation in cur- 
rent representations of the climate system. 

That this limitation constitutes a major 
roadblock to progress in climate science can 
be illustrated by simple numerical experi- 


ments. In idealized simulations of a water- 
world that neglect complex interactions 
among land surface, cryosphere, biosphere, 
and aerosol and chemical processes (see the 
figure), the key uncertainties associated with 
the response of clouds and precipitation to 
global warming are as large as they are in 
comprehensive Earth System Models (/0). 

Differences among the simulations in 
the figure are especially evident in the trop- 
ics, where the sign of cloud changes and the 
spatial structure of the precipitation response 
differ fundamentally between models. This 
diversity of responses arises because, at low 
latitudes, the coupling between water and 
circulation is disproportionately dependent 
on the representation of unresolved pro- 
cesses, such as moist convection and cloud 
formation (//, /2). The mid-latitudes show 
more robust responses because much of 
the energy transport is carried by baroclinic 
eddies; these, too, are fundamentally coupled 
to water, but they are much better described 
and resolved by modern GCMs, as foreseen 
by Smagorinsky (/). 

The uncertain interplay between water 
and circulation that underlies differences in 
the response of the climate system to warm- 
ing (see the figure) can be expressed in terms 
of more specific questions. For instance, how 
do marine boundary-layer clouds depend on 
their environment? Or how do atmospheric 
circulations couple to moist convection 
through surface and radiative fluxes? The first 
question ends up being key to explaining the 
intermodel spread in climate sensitivity (/3, 
14), the second to the pattern of the regional 
response to warming. Differences in regional 


responses also influence ocean circulations, 
and hence how oceans take up heat, as well as 
patterns of precipitation, and hence how the 
land biosphere takes up carbon. 


Back to Basics 

A deeper understanding and better represen- 
tation of the coupling between water and cir- 
culation, rather than a more expansive repre- 
sentation of the Earth System, is thus neces- 
sary to reduce the uncertainty in estimates of 
the climate sensitivity and to guide adapta- 
tion to climate change at the regional level. 
This knowledge should help focus efforts 
and lead to progress in reducing the impreci- 
sion of climate models in the next 50 years. 
Here, Numerical Weather Prediction (NWP) 
provides a good example. By focusing on 
key limitations in the model initialization, 
spatial resolution, and the representation 
of key parameterized processes, NWP has 
improved forecast skill substantially over 
the past 30 years (/5). 

It is time to draw lessons from the era of 
experimentation that Smagorinsky launched 
half a century ago, and focus climate model- 
ing efforts on advancing understanding and 
improving the numerical representations of 
how clouds, moist convection, and heating 
couple to the general circulation. 
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Pebbles on Mars 


Douglas J. Jerolmack 


ars is a cold, dry place. Yet there 
is abundant evidence that flu- 
vial (river) processes have carved 


the planet’s surface; witness deep canyons, 
streamlined islands, and drainage networks. 
Most of these features formed more than 3 
billion years ago, and a long line of research 
has led to the “warm and wet early Mars” 
hypothesis. The idea is that early Mars had a 
thicker atmosphere with an enhanced green- 
house effect that allowed stable liquid water 
and a hydrologic cycle to exist (/). The search 
for life on Mars, or at least conditions suitable 
for life, is predicated on this idea. Until now, 
no observations have unambiguously identi- 
fied and characterized river-lain sediments, 
although the Mars Exploration Rovers turned 
up some evidence of a watery past (2). As 
the first major finding from the Mars Science 
Laboratory mission and its car-sized rover, 
Curiosity, Williams er al. (3) report on page 
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Alluvial fans and associated deposits. (A) Topographic map draped on images 
showing the landing ellipse (oval) and landing site (cross) of Curiosity in Gale 
crater, Mars. (B) Google Earth perspective view of an alluvial fan in the Mojave 


1068 of this issue the discovery of conglom- 
erates on Mars—pebbles mixed with sand 
and turned to rock—tresulting from ancient 
river deposits. The finding provides the clear- 
est view yet on the nature of early martian riv- 
ers and should provide momentum for Curi- 
osity’s mission moving forward. 

The most striking fluvial features on Mars 
are huge canyons (>1000 km long) eroded 
into bedrock. They have been associated with 
catastrophic outburst floods (/), but how large 
these floods were is hard to say; imagine trying 
to estimate the discharge of the Colorado River 
from the size of the Grand Canyon. Thus, we 
must look elsewhere to constrain ancient flows 
on Mars. All eroded channel material must be 
deposited somewhere. On Earth, river deltas 
and alluvial fans (collectively “fans”) form at 
the mouths of rivers debouching into oceans 
and basins, respectively. Their deposits con- 
sist of stacked river channels and floodplains 
whose history can be read by the trained eye. 
Until a decade ago, however, no such features 
had ever been observed on Mars. [One likely 
culprit for this absence of evidence is aeolian 
(wind) processes, which have had more than 


PERSPECTIVES i. 


The observation of conglomerates by the Mars 
rover Curiosity provides the most definitive 
proof yet of ancient river flow. 


3 billion years to erode or bury early martian 
fluvial features. ] 

The discovery from satellite images of the 
first putative river delta on Mars in 2003 (4) 
marked a turning point. The beautifully pre- 
served depositional channels made it possible 
to measure the width, depth, and slope of the 
ancient river. Discharge estimates were rather 
pedestrian, comparable to medium-sized riv- 
ers on Earth (5, 6). This discovery was hailed 
as a smoking gun for the warm and wet early 
Mars hypothesis, and focused searching with 
better imagery has turned up dozens of fans 
(7). However, it has been pointed out that such 
deposits could form in decades and may have 
resulted from impulsive heating (e.g., crater 
formation or volcanic intrusions) rather than 
a globally warmer planet (6, 8). 

Until now, the sediments composing mar- 
tian fans were unknown, leaving some room 
for doubt regarding their formative processes. 
Curiosity was sent to Gale crater to explore 
the promising mountain of stacked sedimen- 
tary deposits at its center, informally called 
Mount Sharp and thought to be of lacustrine 
and fluvial origin (9), The conglomerates dis- 
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Desert, USA. (C) Alluvial fan deposits exposed in a river bank in New Mexico. Note 
the alternating gravel and sand sheets, similar to those described at Gale crater 
by Williams et al. 
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covered by Williams ef al. lie on a relatively 
flat crater floor, several kilometers downslope 
from the eroded terminus of an alluvial fan 
(see the figure). The deposits are estimated to 
be older than 3.5 billion years. The rounded 
pebbles, mixed in alternating layers with 
sand-sized particles, are indicative of a free- 
flowing gravel stream. Additional support 
comes from the observation of imbricated 
clasts, pebbles arranged like a train of col- 
lapsed dominoes, which are strictly associ- 
ated with fluvial transport. 

On Earth such deposits are a common fea- 
ture; the finding is a breakthrough for Mars, 
however, because (i) it is the first definitive 
in situ identification of river sediments; (ii) 
the rounding of the pebbles indicates abra- 
sion during transport, suggesting that parti- 
cles traveled at least several kilometers from 
their source area; and (iii) it allows quantita- 
tive reconstruction of ancient flows. Under 
reasonable assumptions associated with near- 
threshold fluvial transport, the formative river 
flow had depths in the range 0.03 to 0.9 m 
and velocities in the range 0.2 to 0.75 m/s. 
The main uncertainty is associated with river 
slope, which cannot be obtained directly from 
the deposits. 

Williams ef al. are conservative in their 
interpretation, but the nature of the sedi- 
ments and their proximity to the fan termi- 
nus are consistent with deposition on an 


alluvial fan. Noncohesive gravel streams on 
Earth typically exhibit critical flow, where 
fluid inertial and gravitational forces approxi- 
mately balance (/0), and dimensionless shear 
stresses are slightly in excess of the thresh- 
old of motion (//). A friction factor typical of 
gravel streams (0.01) would result in a slope 
of 1%, the same value as the adjacent alluvial 
fan. Corresponding flow depth and velocity 
would be 0.1 m and 0.6 m/s, respectively. 

The finding of Williams et al. shows that 
martian rivers can be similar to terrestrial 
ones, all the way down to the grain scale; this 
suggests a depositional environment similar 
to the distal regions of typical alluvial fans 
observed in the American Southwest (/2). 
As the authors point out, climate conditions 
must have been appreciably warmer and wet- 
ter at the time of sediment transport relative to 
modern conditions. Whether sediments were 
laid down over a long time in an arid region 
with intermittent rain (as in terrestrial deserts) 
or deposited more rapidly under a sustained 
outflow cannot be determined. Meanwhile, 
fresh challenges to the warm and wet early 
Mars hypothesis are emerging. Some point to 
new physical and chemical evidence that sup- 
ports a cold and dry early Mars interrupted by 
brief bursts of wetness (/3, /4); other recent 
work (/5) suggests that Mount Sharp itself 
is composed primarily of aeolian rather than 
water-lain strata. 


Skepticism about the warm and wet early 
Mars hypothesis will continue. This debate 
is healthy, however, and has encouraged for- 
mation of clear hypotheses and targeted mis- 
sions. Our understanding of Earth’s present 
and past climate comes from observations of 
the surface and subsurface across the globe, 
coupled with sophisticated modeling. It is 
becoming clear that the landscapes on Mars 
are almost as varied and complex as those on 
Earth. Thus, there is unlikely to be a smoking 
gun for a warm and wet early Mars. Rather, 
the case will be built from circumstantial evi- 
dence accumulated over decades of lander 
and satellite missions. Onward, Curiosity! 
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CELL BIOLOGY 


GATORs Take a Bite Out of mTOR 


Reuben J. Shaw 


oupling nutrient availability to cellu- 

lar growth is essential for all organ- 

isms. Across eukaryotes, the serine- 
threonine kinase called target of rapamycin 
(TOR; or mTOR in mammals) is a mas- 
ter regulator of cell growth. It is the cata- 
lytic subunit of two molecular complexes, 
mTORC1 and mTORC2. The mTORCI 
complex is acutely sensitive to concentra- 
tions of both growth factors and nutrients, 
including glucose and amino acids (/). 
The mTORC1 signaling pathway in cells 
is hyperactivated in a broad spectrum of 
human cancers and in metabolic disease (2). 
On page 1100 in this issue, Bar-Peled ef al. 
(3) identify a protein complex that nega- 
tively regulates mTORC1 and functions as 
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a tumor suppressor, pointing to new possible 
therapeutic strategies for cancer. 

Genetic studies in the fly Drosoph- 
ila melanogaster and in mammals identi- 
fied the tuberous sclerosis complex (TSC) 
tumor suppressors as critical inhibitors of 
mTORCI1 under conditions of low growth 
factors. The TSC/ and TSC2 genes are 
genetically inactivated in sporadic cancers 
in addition to the inherited disorder tuber- 
ous sclerosis (/). The TSC2 protein encodes 
a guanosine triphosphatase (GTPase)—acti- 
vating protein (GAP) that inactivates Rheb, 
a small GTPase that binds to and activates 
mTOR. In response to amino acid abun- 
dance, a different set of small GTPases, the 
Rag proteins, bind to and activate mTORC1 
(4). When amino acid availability increases, 
Rag proteins translocate to the outer surface 
of the lysosome where they bind to Ragula- 
tor, a protein complex that loads RagA (or 


A negative regulator of amino acid sensing by 
the mTOR signaling pathway is identified and 
discovered to be inactivated in cancers. 


RagB) with GTP. In this state, Rag proteins 
can recruit mTORC1 to the lysosomal sur- 
face (5) where it becomes activated and can 
signal. Thus, when amino acid availability 
is low, MTORCI1 does not translocate and 
remains inactive in the cytosol. 

Given that the TSC complex serves to sup- 
press mTORC 1 by inhibiting Rheb, Bar-Peled 
et al. investigated whether negative regula- 
tors of Rag proteins exist as well. The authors 
identified a protein complex, which they 
call GAP activity toward Rags (GATOR), 
that acts upstream of the Rag proteins (see 
the figure). The eight proteins that comprise 
GATOR can be divided into two subcom- 
plexes based on the affinity of protein-pro- 
tein interactions and epistasis experiments 
that examined their effects on mTORC1. 
Inhibition of GATOR constituents [dishev- 
elled, Egl-10 and pleckstrin (DEP) domain— 
containing 5 (DEPDCS); nitrogen permease 
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Amino acid—dependent control of cell growth. GATOR1 and GATOR2 complexes regulate RagA, a small 
GTPase that controls activation of mTORC1 at the surface of the lysosomes in response to amino acid avail- 
ability. Ragulator serves to stimulate GTP loading of RagA and activate mIORC1 in response to amino acids, 
whereas GATOR1 acts to turn RagA off by stimulating its intrinsic GTPase activity. 


regulator 2-like (NPRL2); and NPRL3] ren- 
ders mTORC1 insensitive to amino acids and 
consequently leaves mTORC1 constitutively 
active. By contrast, inhibition of GATOR2 
components [Mios; Secl3; Sehll, WD 
repeat—containing protein 24 (WDR24); and 
WDRS9] results in loss of mTORC1 activity, 
which was reversed by loss of GATOR], fur- 
ther indicating that GATOR is a more proxi- 
mal regulator of the Rags. 

The findings of Bar-Peled et al. fit well 
with those of Panchaud et al. (6), who deter- 
mined that the yeast homologs of GATOR1 
proteins have GAP activity toward a Rag 
ortholog (Gtrlp) in Saccharomyces cere- 
visiae. Amino acid deprivation caused the 
DEPDCS5 homolog (Iml1p) to interact with 
the RagA homolog (Gtrlp) at the surface of 
the lysosome-like vacuole and stimulate the 
GTPase activity of Gtrlp, thereby turning it 
off and leaving yeast TORC1 in an inactive 
state. Indeed, the yeast homologs of NPRL2 
(Npr2) and NPRL3 (Npr3) were previously 
identified in a genome-wide screen for reg- 
ulators of TORC1 in response to amino 
acid deprivation (7). Npr2 and Npr3 occur 
together in a complex with Iml1 and with 
orthologs of mammalian GATOR2 com- 
ponents (8). Interestingly, yeast GATOR1 
controls autophagy (9), the breakdown of 
cellular components in the vacuole (or in 
mammalian lysosomes) during starvation 
to maintain cellular metabolism. This indi- 
cates that the functional roles of mammalian 
GATOR are extremely well conserved. 


The discovery of such fundamental con- 
served regulators of cell biology and human 
health raise many questions. How are amino 
acids sensed by the GATOR and/or Ragula- 
tor complexes? What other signaling path- 
ways control GATOR activity? It is also 
not clear how GATOR2 regulate GATOR1. 
Intriguingly, proteins in the GATOR2 sub- 
complex are composed almost entirely of 
WD repeats, as is the protein mLST8, which 
is a component of mTORCI and mTORC2. 
Another common component of both 
mTORC1 and mTORC2 is the negative reg- 
ulator Deptor (originally called DEPDC6), 
so DEP-domain—containing proteins now 
emerge at multiple locations in the core 
mTORCI1 pathway as negative regulators. It 
is also not clear where the catalytic “heart” 
of the GATOR GAP activity lies. In yeast 
(6), it lies in Iml1 where a specific conserved 
arginine is the critical catalytic residue, 
though the arginine does not reside within a 
domain containing recognizable homology 
to GAPs for other small GTPases. 

Given how many of the upstream regu- 
lators of mTORCI by growth factors are 
mutated in human cancer, an open question is 
whether any of the components that regulate 
mTORCI in response to amino acids might 
also be altered in human tumors. Because 
the GATOR1 complex acts analogously to 
the TSC complex to inactivate mTORCI, 
and TSC components are mutated in both 
familial and sporadic human tumors, one 
might expect GATORI1 components to sim- 
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ilarly be mutated. Indeed, the genes encod- 
ing NPRL2 and DEPDCS localize to chro- 
mosome regions deleted in lung (/0) and 
glioblastoma tumors (//), and using avail- 
able data from The Cancer Genome Atlas, 
Bar-Peled et al. identify a subset of ovarian 
and glioblastoma cancers with nonsense and 
frameshift mutations or truncating deletions 
in genes encoding GATOR constituents. 
Further, the authors identify several can- 
cer cell lines bearing homozygous deletions 
in the genes encoding DEPDC5, NPRL2, 
or NPRL3. Analysis of these GATORI- 
deficient lines revealed that mTOR was 
localized to the surface of lysosomes even 
when amino acids were deprived, which 
is analogous to what occurs when there 
are mutations in RagA that lock it into the 
activated state (/2). GATOR1-deficient 
cancer cells were exquisitely sensitive to 
rapamycin, a small-molecule inhibitor of 
mTORC1, which suggests that GATOR1 
genes could be screened in tumors to pre- 
dict responders to these clinically approved 
anticancer agents (/). 

In addition to these roles in human can- 
cer, DEPDCS was recently identified in 
studies searching for the gene on chromo- 
some 22q22 that is responsible for most 
cases of familial focal epilepsy with vari- 
able foci, an autosomal dominant inherited 
form of epilepsy (/3, /4). Interestingly, 
epilepsy is also the most common present- 
ing symptom of tuberous sclerosis (/5), the 
disorder caused by mutations in the TSC] 
and TSC2 genes. That two GAPs (TSC2, 
DEPDCS) that suppress mTORC1 are both 
mutated in cancer and familial forms of 
epilepsy emphasizes the central role that 
mTORC1 plays in many diseases. 
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NEUROSCIENCE 


Neuronal Birth to Cortical Circuitry 


Stewart Anderson’ and Douglas Coulter’ 


europsychiatric diseases, such as 
Nsstzsrren and autism, likely 

involve dysfunction in cerebral cor- 
tical microcircuits. Although some of this 
dysfunction probably results from disrup- 
tions near the time of symptom onset, some 
also likely evolves from abnormalities that 
occurred earlier during cortical neuron devel- 
opment. However, a major challenge has 
been to link microcircuitry dysfunction to a 
disruption in the developmental trajectories 
of constituent neuronal subtypes. A recent 
paper in Science by Taniguchi et al. (/) lays 
crucial groundwork for meeting this chal- 
lenge. They describe a method for reliably 
labeling a distinct subtype of cortical neuron, 
the chandelier interneuron, from its genesis 
through postnatal development. Their work 
advances understanding of cortical microcir- 
cuitry development, and highlights the poten- 
tial challenges of using the current genetic 
armamentarium to label increasingly specific 
subsets of cortical neurons. 

The neocortex is composed of diverse 
neuronal subtypes with distinct patterns of 
connectivity and activity. This complexity 
has hindered our ability to understand the 
development and function of cortical cir- 
cuitry, and thus how it malfunctions in dis- 
ease. The neuronal cytoarchitecture of the 
neocortex involves projection neurons that 
are mainly excitatory, and local circuit neu- 
rons (interneurons) that are mainly inhibi- 
tory. Neuronal subgrouping is often defined 
by single characteristics, such as laminar 
location, expression of a particular protein, 
morphology, or electrophysiological proper- 
ties. Subtypes of neurons are then categorized 
by clustering these characteristics (2), such as 
layer 5, callosally projecting pyramidal neu- 
rons expressing Dkk3 (3), or vertically ori- 
ented, vasoactive intestinal peptide (VIP)— 
expressing interneurons with regular and 
nonaccommodating spiking features (4). 

Recent advances in the labeling and manip- 
ulation of neuronal subgroups are enabling 
characterization according to their function in 
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Developmental genetics of single neuron 
populations can reveal how cortical circuits are 
built and how neuropsychiatric diseases arise. 
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Studying cortical microcircuitry. Schema of one approach for studying the development of cortical micro- 
circuitry extending from the work of Taniguchi et al. (A) Nkx2.1CreERT2 mice are crossed with mice contain- 
ing a green fluorescent protein (GFP) reporter, such that injection of tamoxifen late in gestation results in 
GFP expression that, for the cortex, is highly selective for chandelier interneurons. (B) Patch-clamp recording 
and activation of chandelier interneurons in slices of developing cerebral cortex, while imaging the effects on 
pyramidal neuron network activity using voltage-sensitive dyes. CCD, charge-coupled device. 


cortical microcircuits. For example, in mice, 
labeling of somatostatin (SST)—express- 
ing interneurons with a fluorescent protein 
revealed that cortical layer 3 SST interneu- 
rons primarily inhibited the activity of pyra- 
midal neuron dendrites, whereas layer 4 SST 
interneurons selectively targeted fast-spiking 
inhibitory interneurons (5). Thus, within the 
SST-expressing subgroup, neuronal subtypes 
residing in distinct cortical layers can have 
apposing influences on cortical excitation. 
Although genetic labeling of cortical neu- 
ronal subgroups and elucidation of their func- 
tional connectivity in microcircuits are result- 
ing in many insightful studies, the labeling 
methods are often restricted to later stages 
of the target cell’s development. This is an 
important limitation, because symptoms of 
neuropsychiatric disorders can be the mani- 
festations of disruptions that began much ear- 
lier. Fortunately, advances in the genetic label- 
ing of cortical subpopulations are allowing a 
temporally and spatially defined approach 
to the study of cortical neuron development 
(6). One such approach uses an estrogen 
receptor—Cre recombinase fusion protein, 
CreERT2. Administration of tamoxifen 
induces permanent mutagenesis through Cre- 
mediated recombination of Loxp-flanked 
DNA target sequences, with both tissue and 
temporal selectivity (see the figure). 
Taniguchi ef al. take this approach to a 
new level—the selective labeling of a sub- 
type of interneuron, the chandelier cell, from 
its birth within the subcortical telencephalon 
to its maturation within the postnatal neocor- 


tex. Chandelier cells innervate the axon ini- 
tial segment of cortical pyramidal neurons 
(7). Notably, this interneuron subtype also 
has dense, sometimes conjoint innervation 
of most of the pyramidal neurons within its 
axonal field (8), and displays synaptic abnor- 
malities in schizophrenia (9). Chandelier 
cells derive from Nkx2. 1-expressing progen- 
itors of the subcortical forebrain (/0), espe- 
cially within the most ventral portion of the 
medial ganglionic eminence (MGE) late in 
the period of cortical neurogenesis (/, //). 
Using Nkx2.1CreERT2 to label Nkx2.1- 
expressing cells at the end of gestation, Tani- 
guchi e¢ al. found a tremendous enrichment 
for labeling of chandelier cells. The labeling 
of chandelier cells as progenitors meant that 
their development could be studied over the 
first postnatal weeks, before and during their 
development of axo-axonic synapses that 
define the subtype. Remarkably, chandelier 
cell precursors (postmitotic, fate-committed 
but immature neurons) formed a previously 
unknown plexus along the border of layers | 
and 2 by postnatal day 7 (P7), just after the 
end of pyramidal neuron radial migration, 
when their apical dendrites are extending 
through layer 2 and into layer 1. P7 is also a 
time when the gradient for chloride across the 
pyramidal neuron plasma membrane favors 
a depolarizing response to the activation of 
y-aminobutyric acid type A (GABA,) recep- 
tors, raising the possibility that chandelier 
cells provide a major excitatory drive to corti- 
cal projection neurons just as they are form- 
ing their connectivity. Just 3 weeks later, most 
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chandelier cells at the layer 1-2 border were 
no longer detectable. 

In conjuction with evidence that an analo- 
gous process may be occurring across layers 
2 to 6 in primates (/2), these results suggest 
that chandelier cells play a previously unrec- 
ognized role in the development of cortical 
circuitry. This could be explored by using 
Cre-based combinatorial approaches to, for 
example, genetically encode activity indica- 
tors, such as calcium (GCaMPs) or voltage 
indicators (/3); express optogenetic acti- 
vators and silencers, or other proteins that 
alter membrane potential (/4); and inducibly 
express selective cellular silencers or suicide 
mediators (6). In addition, postmortem stud- 
ies of schizophrenia have identified abnor- 
malities in chandelier cells (9), but whether 
the abnormalities are a cause or an effect of 
the core etiology is unclear. Thus, the abil- 
ity to selectively label these cells enables the 
study of whether chandelier cell-specific 
mutations of interneuron-expressed schizo- 
phrenia risk genes, such as Disc/ or Erb4 (9), 
can induce schizophrenia-related phenotypes 
in mice. 


The above techniques require the iden- 
tification of subclass-selective genes whose 
regulatory regions can be harnessed as Cre 
“drivers.” In the case of chandelier cells, 
investigators found specificity of labeling 
because chandelier cells are the latest-born 
of the interneurons derived from Nkx2.1- 
expressing progenitors. Although combin- 
ing the selectivity of gene expression with 
the temporally restricted activation of label- 
ing should enable Cre-based study of addi- 
tional subtypes, for the developmental study 
of microcircuitry involving most cortical 
subtypes, it will be necessary to identify 
relatively selective genetic markers of fate- 
committed neuronal subtypes when they are 
immature. 

Fortunately, the evidence to date, further 
bolstered by the Taniguchi et al. study, is that 
fate commitment of both cortical pyrami- 
dal neuron and interneuron subtypes gener- 
ally occurs before or shortly after cell cycle 
exit (4, 15, 16). Although the genetic code 
responsible for maintaining neuronal subtype 
fate through the migration and maturation 
processes may be combinatorial, it should 
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be possible to identify genes with adequately 
selective expression patterns that, together 
with the temporal restriction of labeling, will 
enable developmental studies of the microcir- 
cuitry involving most cortical neurons. These 
approaches are likely to revolutionize the dis- 
covery of the etiological antecedents of neu- 
ropsychiatric disease. 
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BIOCHEMISTRY 


Structural MS Pulls Its Weight 


Michal Sharon 


hen we step on the scale, we usu- 
ally respond in one of two ways: 
disappointment or joy. When we 


measure the mass of protein assemblies, 
on the other hand, we get a glimpse into a 
rich and interesting world. A simple mea- 
sure of mass can give information on the 
inherent properties of protein complexes 
and expose a multiprotein assembly’s com- 
position, the number of copies of each sub- 
unit, their topological arrangement, and the 
assembly’s overall structure (/, 2) (see the 
figure). These capabilities, together with the 
modest sample requirements, speed of anal- 
ysis, selectivity, tolerance to heterogeneity, 
and lack of an upper mass limit, have trans- 
formed structural mass spectrometry (MS) 
from an emerging technique to an integral 
part of the structural biology toolkit. 

MS is often associated with protein iden- 
tification, posttranslational modification, 
and quantification. These terms reflect the 
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wide capabilities of proteomics—a field 
based on the analysis of peptides derived 
from a target sample—but do not capture 
the essence of structural MS. Unlike pro- 
teomics, structural MS is based on the abil- 
ity to transfer intact protein complexes to the 
gas phase while maintaining weak interac- 
tions between subunits and associated bio- 
molecules such as DNA and ligands (/, 2). 

One study that served as a rite of passage 
for structural MS was the three-dimensional 
model constructed for the 10-subunit yeast 
RNA exosome, a protein assembly that had 
evaded other structural biology techniques. 
On the basis of MS data, the subunit inter- 
action map of the complex, isolated from 
cells at its natural expression levels, was 
constructed and developed into an atomic 
model via homology modeling (3). The sub- 
unit interactions and overall architecture of 
this model were soon corroborated by x-ray 
crystallography and electron microscopy 
(EM) studies, setting the stage for tackling 
more challenging systems. 

Advances in obtaining quaternary infor- 
mation on protein complexes were made 


Mass spectrometry provides insights into the 
structure and dynamics of ever-larger protein 
assemblies and associated biomolecules. 


possible by the development of a hybrid 
instrument that measures both mass and ion 
mobility (4). The time that it takes for an ion 
to travel through a tube densely filled with 
an inert gas depends not only on the mass, 
but also on the shape of the analyzed protein 
complex. An assembly with a large volume 
will experience more collisions with the gas 
and thus travel more slowly than a complex 
with the same mass but a more compact 
structure. The traveling time of the macro- 
molecule can be converted into a numerical 
value that reflects the area of the analyzed 
protein complex. This information allows 
the packing and topology of subunits within 
an assembly to be deduced. 

In the first application of the ion mobil- 
ity/MS method, Ruotolo et al. showed that 
an 11-member protein complex retains its 
ring-type topology in the mass spectrom- 
eter (4). This finding provided experi- 
mental evidence that protein quaternary 
structure can be maintained in the gas 
phase, and the approach has since been 
applied to other heterogeneous multisub- 
unit complexes. 
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Structural MS can also be used to study 
multisubunit complexes embedded in mem- 
branes. These assemblies perform crucial 
biological tasks as transporters, channels, 
receptors, and recognition and adhesion 
molecules. Yet their poor solubility, weak 
interactions between subunits, and tendency 
to aggregate make it very difficult to eluci- 
date their structures. 

Barrera et al. (5) overcame these prob- 
lems. In their approach, the surrounding 
detergent molecules are not removed before 
MS analysis. Rather, the intact membrane 
protein complex is projected into the gas 
phase within a protective detergent micelle 
that is released within the mass spectrome- 
ter. This leaves the protein complex largely 
devoid of loosely associated detergent mol- 
ecules, but with protein subunit and specific 
lipid-binding interactions intact. Thus, sub- 
unit composition can be determined and the 
interacting lipids characterized, paving the 
way toward understanding how lipid-protein 
interactions modulate the functionality of 
membrane protein complexes (6). 

Yet dissecting the structural architecture 
of a protein complex is not enough. Protein 
motion and dynamics are integral aspects 
of function, and a complete description 
of a biomolecule’s activity must therefore 
include the dimension of time. The analysis 
of separation speeds afforded by MS place 
the method in a good position to capture both 
intramolecular motion (such as unfolding 
and conformational changes) and intermo- 
lecular transitions (such as subunit exchange 
and protein assembly pathways). Real-time 
MS analyses have opened a window onto the 
kinetics of protein folding, enzymatic reac- 
tions, ligand interactions, subunit exchange, 
and biogenesis pathways (7, 8). 

Another powerful property of structural 
MS is that in a single spectrum, all coexist- 
ing subpopulations of a protein complex can 
be resolved. This ability, together with the 
high resolving power of the technique, offers 
a way to address mechanistic questions. For 
example, structural MS can detect differ- 
ences in mass due to the binding of single 
ligand molecules and can determine the rela- 
tive populations of ligand-bound states of a 
protein complex, thus making it possible to 
distinguish between various allosteric mech- 
anisms, as shown recently in the case of the 
chaperonin GroEL (9). MS can thus provide 
insight not only into the structure but also 
into the activity of large protein complexes. 

Combinations of structural MS and other 
techniques—particularly EM, x-ray crystal- 
lography, and nuclear magnetic resonance 
(NMR)—not only offer a more comprehen- 
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Characterizing membrane protein/lipid complexes 


Exposing subunit versatility 


Structural mass spectrometry offers a range of 
capabilities. 


sive description of molecular assemblies but 
also enable examination of systems resis- 
tant to characterization by any single tech- 
nique. In a recent study of polydisperse pro- 
teins, which interconvert between different 
oligomeric states, Baldwin ef al. integrated 
information from NMR, MS, ion mobil- 
ity, and EM to determine the structures of 
the main states of the molecular chaperone 
oB-crystallin and to explain why they can 
easily exchange architectures (/0). 

Advances in MS technology promise 
even greater insights. The Orbitrap mass 
spectrometer, for instance, provides high 
resolution and mass accuracy and has rev- 
olutionized proteomics since its introduc- 
tion in 2005. However, its applications were 
limited to small molecules and peptides. 
Recently, Rose et al. modified an Orbitrap 
benchtop instrument to enable analyses of 
large protein complexes (//). This advance 
may broaden the scope of structural MS 
to less abundant protein complexes and 
allow posttranslational modifications to 
be resolved directly on intact proteins and 
assemblies (/2). Other technical advances 
suggest that it may become possible to ana- 
lyze macromolecular assemblies directly 
from individual cells (/3, /4) or from tissue 
surfaces (/5). 

Traditionally, scientists have conceived 
protein assemblies as largely uniform in both 
composition and function. However, the time 
may have come to view protein complexes as 
dynamic entities that alter their composition 
depending on where they reside and when 
they are examined. This emerging perspec- 
tive of plasticity in protein assemblies can be 
exposed by MS, peeling away an additional 
layer from the complexity of life. 
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Lille, Louis Pasteur stated “In the fields 

of observation, chance favors only the 
prepared mind.” Preparation for scientific 
inquiry is critical for the future of research, 
yet opportunities are rare in the early stages 
of education. This discrepancy can be 
resolved by immersing students in genuine 
research activities as early as possible. We 
have created an experience for high school 
students to engage in and contribute to ongo- 
ing research. We prepare students to formu- 
late and test hypotheses using computational 
tools and data collected in our laboratory, or 
available from public repositories. 

The Quantitative Trait Mapping (QTM) 
module (fig. S1) is a core component of 
Independent Studies in Computational 
Biology (ISCB), a two-semester systems 
biology research course offered to talented 
high school students by The Center for 
Genome Dynamics at The Jackson Labora- 
tory (/). Introductory high-school genetics 
and statistics are prerequisites. We employ 
a hybrid strategy of online learning and 
in-class instruction in which students and 
teachers from three publicly funded mag- 
net schools participate via Web conference. 
Students and their teachers become active 
partners in our group’s research and some 
have published their work in peer-reviewed 
journals (2, 3). 

Students and teachers meet in their 
classrooms during the week, and all sites 
attend a weekly Web conference with a 
Jackson Laboratory researcher, who acts as 
their scientific mentor. In the first semester, 
students read and present information from 
scientific literature. We select review arti- 
cles, summaries of featured literature, and 
reports of experimental findings from lead- 
ing journals. Students present and discuss 
papers in journal club, honing their critical 
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thinking and communication skills. Each 
student writes a brief literature review on a 
topic of their choosing. In parallel, we pro- 
vide students with instruction and hands-on 
practice in statistical analysis of quantita- 
tive traits. Students analyze published data 
from quantitative trait loci (QTL) mapping 
studies (e.g., QTL Archive; qtlarchive.org) 
by means of R/qtl software (4); they learn 
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Quantitative Trait Mapping, an IBI prize-winning 
module, immerses students in the role of a 
systems biology researcher. 


how to employ Web-based resources to dig 
deeper, obtaining up-to-date information 
on genetic variation and functional annota- 
tion. The semester culminates with a writ- 
ten NIH-style grant proposal that integrates 
material from these exercises. 

In the second semester, we begin the 
research phase of the course. Student teams 
of two to four are given relevant data but 
must decide on an analytical 
strategy that will address their 
hypothesis. This is a challeng- 
ing step for students and involves 
Web conferences with their sci- 
entific mentor, who is a practic- 
ing research scientist in our lab, 
to arrive at clear hypotheses that 
are testable with the data in hand. 
The students’ creative expres- 
sion of their own ideas must be 
balanced against the scope of 
available data resources. This 
hypothesis-driven approach pre- 
pares the student with a concep- 
tual framework for finding bio- 
logical meaning amid the net- 
work of statistical relations that 
can emerge from large-scale 
data analysis (see the figure). 


100 


A student-initiated project begins 
with a hypothesis. In this example, 
the student identified a quantitative 
trait locus (QTL) for plasma insulin on 
chromosome 2. (A) The support interval 
for the QTL contains dozens of genes. 
Using database resources includ- 
ing Mouse Genome Informatics (www. 
informatics.jax.org), she generated a 
gene list along with functional annota- 
tion and allelic variants. She then car- 
ried out a systematic evaluation of each 
gene. On the basis of her hypothesis, 
she mapped gene expression traits in 
adipose tissue. (B) She evaluated genes 
using structural equation models to 
identify causal intermediates of the 
effect on plasma insulin. (C) She iden- 
tified Pck1, an enzyme in the pathway 
that converts triglycerides to glucose, 
as a candidate with a potential role 
in diabetes and proposed a follow-up 
study that could provide validation for 
her finding. 
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Examples of student-initiated investigations 
include the following: 


* Activation of brown adipose tissue 
reduces obesity. Gene expression data 
were examined from mice fed either 
standard or high-fat diets. Causal infer- 
ence methods were used to explore 
relations between adiposity and the 
expression of specific brown fat—asso- 
ciated genes. 

* Adipocytes communicate to pancre- 
atic beta cells. The relation of adipo- 
kines to pancreatic gene expression and 
plasma insulin levels was investigated 
by using data from a mouse intercross 
population. 


Students communicate findings in weekly 
oral progress updates with the scientific men- 
tor. Web conferences provide a venue for 
addressing students’ questions and evaluating 
student progress and continued development 
of communication skills. We assess student 
understanding of background information 
and review critical concepts on an as-needed 
basis. E-mail exchanges among students, 
teachers, and mentors clarify interpretation 
of results and strategic approach. Classroom 
teachers, develop their own assessment tools 
for course assignments (see sample assess- 
ment in supplementary materials). 

Student projects frequently require refine- 
ment or redirection, which can be a frus- 
trating and difficult experience for high- 
performing students accustomed to having 
all of the correct answers. They learn that, in 
scientific inquiry, success is not a foregone 
conclusion and that there are neither predict- 
able outcomes nor answers at the back of the 
book. And yet, we have witnessed acceptance 
of failure leading to perseverance. Often, 
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seemingly false starts lead to 
unexpected results and novel 
insights as students experi- 
ence the process of discovery 
firsthand (see the photo). The 
semester concludes with a 
final oral research presentation 
anda written report of student 
findings and conclusions. 

We have considered how 
the QTM module might be 
expanded to reach a wider 
audience, including college 
undergraduates. Toward that 
end, we provide background 
reading material, recorded lectures, links to 
data and software resources, and examples 
illustrating data-analysis techniques (www. 
sysgenonline.org). Instructors can supple- 
ment this material by guiding students to 
selections from the scientific literature, select- 
ing data for analysis, and assisting students in 
the use of Web resources. The didactic content 
of the module can save class time for discus- 
sion and interaction. 

Although online learning modules can be 
widely disseminated, they cannot replace the 
personal elements of one-on-one interactions 
with a scientific mentor, a critical compo- 
nent of success. The scientist provides overall 
direction for the students’ projects, as well as 
data and the expertise to interpret it. Educated 
and prepared teachers are also essential to the 
process. They evaluate students’ progress, 
help students find information and resources, 
debug R code, and review students’ practice 
presentations. The levels of personal attention 
and dedication required from the scientist and 
teachers are limiting factors in course expan- 
sion. We invite educators and scientists to con- 
tact us and join our weekly Web conferences 
to learn how to implement the module. 
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Although the footprint of our course has 
been small (~70 students have completed or 
are currently enrolled in the course), its impact 
on these students has been enormous. Testi- 
monials from course alumni, while anecdotal, 
indicate the power of this research experience 
in shaping education and career paths. One 
former student reported that “I’m graduat- 
ing in Quantitative Biology ... because of this 
class!” and another stated that “The course 
taught me how to pursue scientific problems 
from a computational mindset.” Students are 
not the only beneficiaries of the course. As an 
indication of the effect of this experience on 
educators, one of our instructors commented, 
“T anticipated the course would have a great 
impact on our students, but could not have 
known how much the experience would influ- 
ence me as a teacher, re-igniting a drive and 
desire to ask questions and explore.” 

Immersing students in scientific research 
as early as possible bridges the divide 
between practices in education and research. 
Early exposure to authentic systems biology— 
research experiences produces students with 
“prepared minds” who understand and value 
scientific research as a career choice, and who 
are comfortable speaking the languages of 
biology, mathematics, and computing. 
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AAAS S&T POLICY FORUM 


In a Tough Fiscal Climate, 
Coping Strategies Emerge 


Amid continuing economic and political 
threats to fundamental research, seven foun- 
dations have launched an initiative to “renew 
and reinvigorate America’s support of basic 
science.” Robert Conn, president of The Kavli 
Foundation, introduced this Coalition of Foun- 
dations for Science at the AAAS Forum on 
Science and Technology Policy, where several 
leaders struck bright notes amidst otherwise 
bleak trends for federally funded research. 

The foundations’ initiative could open new 
channels of support for U.S. basic research, 
which has increasingly come under attack as 
policy-makers struggle to narrow a projected 
$744 billion U.S. budget gap. 

The new coalition plans to help focus 
nongovernment resources on “high risk/high 
reward” research, in complement with gov- 
ernment programs. In contrast, federal agen- 
cies tend to be somewhat risk averse and favor 
projects with clear and tangible outcomes, 
despite downsides to such conservative fund- 
ing. “If you’re succeeding all the time, you’re 
clearly not aiming high enough,” said co- 
panelist Chris Mentzel, program officer for 
the Gordon and Betty Moore Foundation’s 
Data-Driven Discovery/Science Program. 

Initiatives like this are not big enough to 
compensate for declines in government fund- 
ing for science, the speakers cautioned. Col- 
lectively, foundations in the United States 
contribute about $2 billion per year to basic 
science, 75% of which goes to medical and 
biological research, Conn noted. The federal 
government, in contrast, spent around $30 bil- 
lion on basic research in 2011. 


COMMUNICATION 


Screeners Needed for 


Journalism Awards 

Volunteer scientists in the Washington, 
D.C., area are needed to review the scien- 
tific accuracy of entries in the prestigious 
AAAS Kavli Science Journalism Awards 
competition in print, online, radio, televi- 
sion, and children’s science categories. If 
interested, please contact Katharine Zam- 
bon (kzambon@aaas.org). 


www.sciencemag.org SCIENCE VOL 340 31 MAY 2013 


The current pressures on federal research 
stood out in sharp relief on 2 to 3 May, at the 
38th annual AAAS Forum on Science and 
Technology Policy in Washington, D.C. More 
than 400 people attended the forum, the pre- 
mier venue for discussing issues at the inter- 
section of science and technology with pub- 
lic policy. Throughout the meeting S&T 
leaders revealed they are thinking seriously 
about how to cope with the new conditions. 

Creative approaches have become neces- 
sary since spending cuts forced by the Bud- 
get Control Act, also known as sequestra- 
tion, drove federal R&D spending for fiscal 
year 2013 down to 0.8% of the gross domes- 
tic product (GDP)—the lowest level seen in 
40 years. If sequestration continues, federal 
R&D as a share of GDP would likely drop 
below that 0.8% mark, according to Matt 
Hourihan, director of the AAAS R&D Bud- 
get and Policy Program. 

Basic science, including research in the 
social and behavioral sciences, is particularly 
vulnerable as Congress seeks ways to maxi- 
mize the impact of limited federal resources. 
Lawmakers have introduced proposals that 
would constrain the peer-review process by 
which the National Science Foundation (NSF) 
evaluates certain funding proposals. In March, 
a Senate amendment was passed as part of the 
bill to fund the government for the remain- 
der of fiscal year 2013, prohibiting NSF from 
awarding grants to political science stud- 
ies unless the director can “certify” that they 
“promote national security or the economic 
interests of the United States.” Since then, 
there has been a hearing and additional dis- 
cussion over a draft bill in the House Science, 
Space and Technology Committee to extend 
that same policy to all NSF grants. 

Because basic research seeks solely to 
expand knowledge without special consider- 
ations for practical applications, these restric- 
tions “would throw the basic research baby out 
with the bathwater,” said presidential science 
adviser John Holdren, who criticized these 
developments in his keynote address. 

Leaders at agencies that fund both basic 
and “use-inspired” research are also find- 
ing ways to make their dollars stretch farther. 
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It's elementary. John Holdren affirmed the White 
House's support for basic research. 


Representatives from the U.S. Department 
of Agriculture, the Department of Energy’s 
Office of Science, and the National Institutes 
of Health (NIH) each described new fund- 
ing strategies aimed at solving problems effi- 
ciently by bringing researchers together across 
institutions or lowering barriers between aca- 
demic research and commercial applications. 

Kathy Hudson, deputy director for sci- 
ence, outreach, and policy at NIH, described 
with enthusiasm two new efforts: the recently 
announced BRAIN initiative for neurosci- 
ence, which NIH is a major partner in, and the 
National Center for Advancing Translational 
Sciences (NCATS), established in 2011. 

A notable success at NCATS has been an 
effort to shorten the drug-development pipe- 
line, by coordinating with eight pharmaceu- 
tical companies to select 58 drug candidates 
that had passed safety tests in humans but 
were then abandoned. Via crowdsourcing, 
NIH scientists identified promising new uses 
for these compounds more quickly than con- 
ventional drug testing would have. 

The Defense Advanced Research Projects 
Agency (DARPA) is also increasingly recog- 
nizing the bottom line, according to the agen- 
cy’s director, Arati Prabhakar. “We in the lead- 
ing-edge technology community have tended 
to treat cost for military systems as something 
that’s someone else’s problem. ... And now I 
think we are going to be critically dependent 
on innovation that doesn’t tweak at cost but 
starts flipping the cost equation,” she said. 

While creative new funding opportunities 
represent bright spots, it was clear the budget 
cuts will be deeply felt. Hudson summed up 
NIH’s efforts by quoting Winston Churchill, 
who said “If you’re going through hell, 
keep going.” —Kathy Wren and Sarah Zielinski 
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Background: Vaccines have provided some of the greatest successes in the history of medicine, 
including the eradication of smallpox, the near eradication of polio, and the prevention of consider- 
able morbidity and mortality from numerous infectious diseases each year. However, past strategies 
for vaccine development are unlikely to succeed in the future against major global diseases such as 
AIDS, tuberculosis, and malaria. For such diseases, the correlates of protection are poorly defined, 
and the pathogens evade immune detection and/or exhibit extensive genetic variability. Limitations 
of animal models to predict human immune responses to vaccines, coupled with low success rates 
for vaccine development compared with biopharmaceuticals, suggest that new paradigms must be 
implemented for accelerating vaccine development. 


Advances: Recent technological advances in molecular genetics, molecular and cellular immunol- 
ogy, structural biology, bioinformatics, computational biology, nanotechnology, formulation meth- 
ods, and systems biology are ushering in a new era of vaccine discovery. For example, genomic-based 
antigen discovery is being exploited for the design of vaccines against multiple bacterial pathogens. 
Similarly, interrogation of the memory B cell and antibody repertoires from virus-infected subjects 
has led to the identification of broadly neutralizing antibodies against HIV, influenza, and other 
viruses, which are now being exploited as tools to design highly conserved epitope-based vaccines. 
Advances in adjuvant and vector delivery technologies are providing novel approaches for immune 
potentiation of vaccines, offer- 


RECENT ADVANCES IN «=, EXPERIMENTAL ing new strategies for improv- 
biased ? Z RESEARCH TRIALS ing vaccine response rates 

ry in neonates and the elderly. 
Ry Antigen Discovery However, translation of these 


advances into vaccines remains 
impeded by major gaps in our 
knowledge of human immune 
responses, including methods 
to focus immune responses 
on subdominant protective 
epitopes, to elicit long-term 
memory responses, and to 
drive antibody maturation 
processes. These gaps can now 
be addressed given the tech- 
nological advances described, 
including the development of 
approaches to analyze immune 
responses at the single-cell and 
systems levels. 
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Accelerating next-generation vaccine development. Recent 
advances in vaccine discovery and immune monitoring will enable 
new human immunology-—based clinical research studies to address 
major gaps in knowledge of vaccine-induced human immune responses 
and thereby accelerate development of next-generation vaccines. 
[Photo credit: IAVI] 


Outlook: Successful development of vaccines against the major global diseases for which vac- 
cines do not currently exist would be transformational for public health, with huge benefits across 
society. To accelerate next-generation vaccine development, we propose that new human immu- 
nology—based clinical research initiatives be established, with the goal of elucidating and more 
effectively generating vaccine-induced protective immune responses. Collectively, such a “Human 
Vaccines Project” holds the potential to greatly accelerate the development of next-generation vac- 
cines against major global killers such as AIDS, tuberculosis, malaria, and other infectious diseases; 
enable more successful vaccine development against allergies, autoimmune diseases, and cancers; 
and provide a foundation for vaccine development against new and emerging diseases. 


The list of author affiliations is available in the full article online. 
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Vaccines are among the greatest successes in the history of public health. However, past 
strategies for vaccine development are unlikely to succeed in the future against major global 
diseases such as AIDS, tuberculosis, and malaria. For such diseases, the correlates of protection 
are poorly defined and the pathogens evade immune detection and/or exhibit extensive genetic 
variability. Recent advances have heralded in a new era of vaccine discovery. However, 
translation of these advances into vaccines remains impeded by lack of understanding of key 
vaccinology principles in humans. We review these advances toward vaccine discovery and 
suggest that for accelerating successful vaccine development, new human immunology—based 
clinical research initiatives be implemented with the goal of elucidating and more effectively 
generating vaccine-induced protective immune responses. 


t the end of the 18th century, Edward 
A= used cowpox-infected materials 

to immunize against smallpox and intro- 
duced the term “ vaccine” (/). A century later, 
Louis Pasteur developed methods for attenuation 
of bacteria (2), and Salmon and Smith developed 
methods for inactivation of microorganisms (3). 
Together, these advances ushered in a new sci- 
entific era of vaccinology. Virus propagation in 
cell culture enabled the development of methods 
for attenuating viral vaccines (4), leading to a 
golden age of vaccine development in the second 
half of the 20th century with the development of 
several vaccines, including polio, measles, mumps, 
and rubella (5-9). By the latter part of the 20th 
century, most of the vaccines that could be de- 
veloped by direct mimicry of natural infection 
with live attenuated or killed/inactivated vaccines 
had been developed. New technologies, including 
protein conjugation to capsular polysaccharides 
and the advent of methods to engineer recombi- 
nant DNA, led to the development of vaccines 
for prevention of bacterial pneumonia and men- 
ingitis, hepatitis B, and the recent development 
of the human papillomavirus (HPV) vaccine 
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(10-12). Vaccines have now led to the eradica- 
tion of smallpox, near eradication of polio, and 
prevention of untold millions of deaths from in- 
fectious diseases each year, and are one of the 
most effective public health measures available 
(/3). For example, before the introduction of the 
measles vaccine in the United States, the inci- 
dence of measles peaked at nearly 900,000 cases 
per year, compared with an average of less than 
100 cases of measles per year in recent years in 
the United States (/4). Similarly, using metrics 
to measure cost-effectiveness of vaccines such as 
disability-adjusted life year (DALY), global vac- 
cination for measles results in US$17 per DALY, 
one of the most cost-effective health interven- 
tions in developing countries (/5). Table | pro- 
vides an overview of vaccine-preventable diseases 
by currently licensed vaccines. 

There are several diseases, however, that cause 
considerable global morbidity and mortality for 
which vaccines do not currently exist (Table 2). 
In general, the viruses, bacteria, and parasites for 
which new vaccines are needed are either much 
more complex in their pathogenesis, exhibit ex- 
tensive variability, or have evolved immune eva- 
sion mechanisms to thwart the human immune 
system. For example, there are many cases, such 
as influenza and dengue viruses, for which im- 
munologic memory induced by natural infection 
protects against reinfection by homologous sero- 
types but not by heterologous serotypes (/6). Thus, 
minor changes in the outer glycoproteins from 
circulating strains of the influenza virus result in 
the need for annual immunizations against in- 
fluenza. For viruses such as respiratory syncytial 
virus (RSV), reinfection with the same virus can 
occur, although disease is generally less severe 
with these sequential reinfections (/7). For HIV, 
the hypervariability of the virus coupled with its 
capacity to integrate in the host genome results in 
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the inability of the host to clear the infection (/8). 
Finally, for pathogens such as cytomegalovirus 
(CMV), herpes simplex, and Mycobacterium 
tuberculosis, a carrier state is established with 
reactivation occurring in situations of immuno- 
suppression (/9). Clearly, new vaccine discovery 
and novel immunization paradigms will likely 
be required for successful vaccine development 
against HIV, Mycobacterium tuberculosis, Plas- 
modium falciparum, hepatitis C (HCV), and oth- 
er challenging pathogens for which there currently 
are no licensed vaccines. 

Recent technological advances in molecular 
genetics, molecular and cellular immunology, 
structural biology, bioinformatics, computational 
biology, nanotechnology, formulation technologies, 
and systems biology have heralded in a new era 
in immunogen design, adjuvant discovery (i.e., 
agents that enhance immune responses) and im- 
mune monitoring. However, translation of these 
advances into successful vaccines remains sub- 
stantially impeded by a lack of understanding of 
key vaccinology principles in humans. This includes 
the need for greater understanding of disease- 
specific mechanisms of protective immunity, im- 
mune evasion mechanisms, and strategies to drive 
the immune system toward preferred responses 
by immunization. 

Although based on sound scientific principles, 
currently licensed vaccines have largely been de- 
veloped empirically, and protection by these vac- 
cines is generally conferred by antigen-specific 
antibodies, which prevent or reduce infection (20). 
Viral neutralizing antibodies prevent virus repli- 
cation by blocking virus binding and entry into 
cells. For hypervariable viral pathogens such as 
HIV and hepatitis C, it is likely that broadly neu- 
tralizing antibodies (bnAbs) (i.e., those targeting 
highly conserved regions of these viruses) will be 
necessary for globally effective vaccines. Many 
bnAbs against HIV have now been identified 
from HIV-positive subjects (2/), but most of these 
bnAbs exhibit a high level of somatic hyper- 
mutation (22). Moreover, there is currently lim- 
ited understanding of the optimal immunization 
strategies in humans necessary to drive the anti- 
body maturation process from germ line to a ma- 
ture broadly neutralizing antibody (23). Strategies 
for focusing immune responses on protective epi- 
topes and away from immunodominant decoy 
epitopes are also undefined, as are the strategies 
for induction of long-term memory responses. More- 
over, most of what we know of human immunol- 
ogy has come from the study of blood, whereas 
the battle between pathogen and the immune sys- 
tem largely takes place in lymph nodes and other 
tissues. Finally, little is known of ways to over- 
come neonatal immaturity and immune senescence 
in the elderly, important for the development and 
optimal coverage of next-generation vaccines. Al- 
though small-animal and nonhuman primate 
models serve a critical role in basic science and 
preclinical vaccine discovery, they are consider- 
ably limited when it comes to extrapolation in 
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humans, in large part due to differences in im- 
munogenetics, species specificity of pathogens, 
and the resident microbiota that influences species- 
specific responses. 

Here, we discuss the technological advances 
that are fueling a new era in vaccine discovery, 
highlight advances in immune-monitoring tech- 
nologies and systems biology that offer substan- 
tial potential for discovering new biomarkers of 
protective immunity, and identify the limitations 
of animal models for screening and prioritizing 
human vaccines. Based on this analysis, we con- 
clude that new human immunology—based clinical 
research initiatives with the goal of elucidating 
and more effectively generating vaccine-induced 
protective immune responses would greatly accel- 
erate the development of next-generation vaccines 
against major global killers such as AIDS, tuber- 
culosis, and malaria and provide a foundation for 
vaccine development against new and emerging 
diseases. 


The 21st Century Technological Revolution 
Fueling a New Era in Vaccine Discovery 
Effective vaccines work by eliciting effector and 
memory immune responses that confer protec- 
tion against infection and disease. New technol- 
ogies have recently been developed that are now 
fueling a revolution in vaccine discovery, which 
should help to address vaccine development chal- 
lenges such as pathogen diversity and immune 
evasion. These technologies can be divided into 
three major categories related to antigen discov- 
ery, adjuvants and vaccine delivery, and deciphering 
human immune responses. 


Antigen Discovery Technologies 
The capacity to sequence whole genomes of mi- 
croorganisms and use bioinformatics for the de- 
sign of vaccines is a relatively recent approach to 
antigen discovery and has been termed “reverse 
vaccinology” (24). The first pathogen for which 
reverse vaccinology was attempted was menin- 
gococcus B, the cause of 50% of global menin- 
gococcal meningitis. With the genome of the 
bacterium sequenced, more than 600 potential 
antigens were assessed for antigenicity, resulting 
in the identification of more than 90 newly de- 
tected surface proteins, 30% of which could in- 
duce bactericidal antibodies. A subset of these 
antigens, when formulated as immunogens in- 
duced protective immunity in mice, provides proof 
of concept for ongoing clinical development (25). 
Reverse vaccinology has now been applied to 
many other bacterial pathogens as full genome 
sequencing has advanced, including group B strep- 
tococcus, group A streptococcus, Streptococcus 
pneumoniae, Staphylococcus aureus, and Chlamydia 
26). Besides reverse vaccinology, genomic-based 
antigen discovery has been enhanced by new 
technologies enabling interrogation of the com- 
prehensive antigenic repertoire using libraries of 
genetically expressed antigens and screening for 
immunogenicity of the proteins during infection, 
termed “antigenome analysis” (27). In addition, 
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advances in mass spectrometry have enabled di- 
rect testing of the presence and quantity of anti- 
gens on the surface of bacteria (28). 

Although these reverse vaccinology and anti- 
genome technologies hold considerable promise, 
particularly for identifying potential antigens for 
inclusion in vaccines, they remain limited in their 
capacity to predict which antigens are protective, 
as recently demonstrated by a phase III trial of an 
experimental Staphylococcus aureus vaccine (29). 
Thus, greater efforts on understanding correlates 
of protection from human natural history studies, 
coupled with small, iterative clinical trials aimed 
at driving immune responses toward less immune- 
dominant but protective epitopes, offers poten- 
tial for greater use of these antigen discovery 
technologies. 

Antigen discovery technologies have also ad- 
vanced for identification of antigens to be used in 
vaccine candidates to induce neutralizing antibody 
responses and for the generation of T cell-based 
vaccines. For pathogens that are hypervariable, 
such as HIV reverse engineering of vaccines, the 
concept that protective antigens could be identi- 
fied through interrogation of the antibody reper- 
toire from subjects infected with the pathogen 
(30) and formulated into effective vaccines is now 
being more fully exploited as a result of recent 
technological advances in isolating monoclonal 
antibodies from memory B cells and plasma cells 
from infected patients, deep sequencing, and bio- 
informatics. These efforts include (i) identifica- 
tion of subjects with broadly neutralizing antibody 
serum responses (2/); (ii) identification of bnAbs 
from such subjects by single-cell memory B cell 
techniques with or without antigen selection and 
cloning the heavy and light chains into immuno- 
globulin G vectors (3 /—35); (iii) determination of 


Table 1. Major global infections prevented 
by vaccines. The level of efficacy for the vac- 
cines noted here varies in different populations 
and regions of the world. 


Bacterial Viral 
Cholera Adenovirus-based 
Diseases 
Diphtheria Hepatitis A 
Haemophilus influenza _ Hepatitis B 
Meningococcal Human papillomavirus 
meningitis 
Plague Influenza 
Pneumococcal Japanese encephalitis 
pneumonia 
Tetanus Measles 
Tuberculosis Mumps 
Typhoid fever Polio 
Rabies 
Rotavirus diarrhea 
Rubella 
Smallpox 


Tick-borne encephalitis 
Varicella zoster 
Yellow fever 
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the structure of the binding sites of such bnAbs at 
the structural level using crystallographic meth- 
ods (3/—35); and (iv) Mimicking the epitopic 
binding sites of such bnAbs on carrier protein 
scaffolds or vectors to serve as the basis for 
immunogens to elicit such bnAbs (32, 33) (Fig. 1). 
In addition to HIV, bnAbs against HCV (36) and 
influenza (37) are serving as templates for anti- 
gen designs for HCV and universal flu vaccines. 
The first proof of concept for reverse engineering 
of vaccines has now been achieved for RSV, where 
computationally designed immunogens mimicking 
the binding site for an RSV-neutralizing mono- 
clonal antibody have successfully elicited RSV- 
specific neutralizing antibodies in monkeys (38). 

The technologies above highlight advances in 
vaccine discovery for which antibodies to the 
pathogen are the principal biomarker of vaccine 
efficacy. Similarly, there have been major tech- 
nological advances in the past decade with respect 
to antigen discovery and evaluation of cell-mediated 
immune (CMI) responses. CMI responses play an 
integral role in controlling many acute and chronic 
diseases, provide critical helper signals for elicita- 
tion of antibody responses, and thus are important 
components of vaccine development strategies 
against some parasites, intracellular bacteria, and 
some viral infections. Recent technological ad- 
vances in CMI assays including enzyme-linked 
immunosorbent spot (ELISPOT) and intracellu- 
lar cytokine staining (ICS), mass spectrometry 
coupled with epitope-identification algorithms (39), 
tetrameric staining reagents (40), genomics and 
proteomics of more complex pathogens such as 
mycobacterium and plasmodium (4/7, 42), and 
advances in immune monitoring (see below) have 


Table 2. Major global diseases for which 
vaccines do not currently exist. 


Disease 


Campylobacter 

Chlamydia 

Cytomegalovirus 

Dengue 

Epstein-Barr (mononucleosis) 

Helicobacter pylori: Gastrointestinal ulcers 

Hepatitis C 

Herpes Simplex 

HIV 

Influenza (universal flu vaccine to replace need for 
annual flu vaccine) 

Leishmaniasis 

Malaria 

Respiratory syncytial virus 

Rhinovirus 

Schistosomiasis 

Shigella 

Streptococcus groups A and B 

Tuberculosis 

Urinary tract infections 

Other: Allergies, Autoimmune diseases, Cancers* 


*HBV and HPV vaccines are effective in preventing liver and 
cervical cancers, respectively. 
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combined to enable advances for T cell-based 
vaccine antigen discovery. For example, long pep- 
tides encompassing conserved regions of HIV 
have been identified that induce polyfunctional T 
cells in macaques with breadth superior to single- 
gene vaccines (43). In addition, computational 
optimization methods have been applied to the 
design of “mosaic” proteins, assembled from firag- 
ments of natural viral genetic sequences, that 
provide diversity coverage comparable to that of 
thousands of separate peptides but are tractable 
for vaccines (44). 

These technologies are beginning to be ap- 
plied both for antigen identification and for as- 
sessment of vaccine efficacy. With respect to 
antigen identification, epitope-specific algorithms 
aimed at identifying key cellular immunity epi- 
topes have been assessed for vaccinia virus to 
better understand the protective components of 
the efficacious smallpox vaccine. Antigens rec- 
ognized by CD4+ responses differed from those 
recognized by CD8+ responses, with such data 
now being applied to reverse vaccinology strat- 
egies for development of epitope-specific vaccines 
(45, 46). 

Simian immunodeficiency virus (STV) vaccine 
efficacy studies with heterologous adenovirus vec- 
tors compared in nonhuman primates the level of 
Gag-specific CMI responses with viral load. Greater 
control of infection correlated with numbers of 
Gag-specific epitope responses (47). More recent- 
ly, using major histocompatibility complex (MHC)}- 
typed monkeys to probe the efficacy of an SIV 
epitope-based vaccine, it was demonstrated that 
CMI responses to epitope-specific targets could 
control SIV infection in nonhuman primates (48). 
In contrast, studies with malaria immunogens dem- 
onstrated that heterologous vectors [chimp Adeno 
63 + modified vaccinia Ankara (MVA)] induced 
robust cellular immunity to specific blood-stage an- 
tigens as measured by the magnitude of interferon- 


Infected 
JUTee Isolate bnAbs 
individual from activated 
Enabling 

technologies 


Serum screen for GRAbs 


Fig. 1. Reverse engineering of vaccines. The figure schematically depicts the 
identification of bnAbs; technological advances in high-throughput robotic crystal- 
lization platforms to enable greater precision in identifying the epitope targets for 
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gamma ELISPOT responses but had no effect on 
parasite growth rates in the blood (49). Similarly, a 
recently completed efficacy trial of MVA85A, a 
new tuberculosis vaccine in infants previously vac- 
cinated with Bacille Calmette-Guérin, elicited 
modest CD4+ cellular immune responses as mea- 
sured by ELISPOT and ICS assays but failed to 
demonstrate efficacy against tuberculosis (50). 


Adjuvants and Vaccine Vector 
Delivery Technologies 


In the past decade, there have been considerable 
advances in identification of signaling pathways 
and receptors of the innate immune system and a 
greater appreciation of the importance of innate 
immunity in influencing adaptive immune re- 
sponses (5/). Detection of microbes by the innate 
immune system is largely driven by pattern rec- 
ognition receptors, such as toll-like receptors (TLRs), 
that recognize common molecular structures found 
on microbes. In recent years, there has been a 
revolution in understanding of the receptors and 
molecules that drive innate immune responses 
(52-54), and this is now leading to the develop- 
ment and testing of novel vaccine adjuvants. 
Adjuvants are an important component of vac- 
cine formulations that potentiate immune responses 
through interaction with one or more TLRs, par- 
ticularly important for those vaccines composed 
of proteins that are not highly immunogenic. For 
example, codelivery of vaccine antigens with pat- 
tern recognition receptor agonists may lead to 
enhanced immune responses to vaccines (55-57). 
This enables more mechanistic-based design of 
adjuvants for potentiation of humoral and cellular 
immune responses. By extension, this should help 
to facilitate the development of next-generation 
adjuvants to help address vaccine challenges where 
immune responses may be compromised or less 
than optimal, such as with immune senescence in 
the elderly. For example, adjuvant trials in indi- 
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viduals hyporesponive to hepatitis B vaccines 
(HBV) showed that the addition of CpG to HBV 
enhanced the kinetics, magnitude, and longevity 
of the seroprotective response (58). However, there 
is still a very limited database on improved effi- 
cacy in the elderly with adjuvanted vaccines, 
highlighting the need for additional studies in these 
populations. Adjuvants currently used in licensed 
vaccines include aluminum salts, oil in water emul- 
sions, and virosomes and TLR4 agonists such 
as bacterially derived monophosphory] lipid A 
(MPL). In addition, there are a large number of 
adjuvants currently in development, aimed at boost- 
ing CD4+ helper T cell, CD8+ cytotoxic T cell, 
and humoral immune responses (5/). 

Many emerging and reemerging pathogens, 
including those responsible for respiratory, gas- 
trointestinal, and sexually transmitted diseases for 
which vaccines do not currently exist, initiate in- 
fection at a mucosal surface, suggesting that in- 
duction of mucosal immunity may be necessary 
or beneficial for prevention and control (59). Vec- 
tor delivery systems designed to stimulate mucosal 
and systemic immunity have advanced in recent 
years, with some already in clinical trials, includ- 
ing adenovirus, paramyxovirus, and some bacte- 
rial vectors (60). Viral vectors enable heterologous 
antigens to be delivered to antigen-processing 
pathways needed to stimulate human leukocyte 
antigen (HLA) class I restricted cytotoxic T cell 
responses, in addition to priming for effective 
humoral immune responses. Further, replicating 
viral vectors more closely mimic the attributes of 
efficacious live attenuated vaccines (6/). How- 
ever, one of the major challenges for vector deliv- 
ery systems is the need to overcome preexisting 
immunity specific to the vector. For example, 
adenovirus type 5 (Ad5) is a potent vector for 
induction of cell-mediated immune responses, yet 
the majority of the world’s population has been 
previously exposed to Ad5 or closely related 


Vaccine 


Immunogen candidate 


site of bnAb 


Combination of several 
immunogens + adjuvant 
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bnAbs; computational methods to design scaffolds mimicking the binding site of the 
bnAbs; and, finally, greater understanding at the mechanistic level for selection of 
adjuvants to include in vaccine formulations for potentiating immune responses. 
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adenoviruses, thus limiting the potential of this 
vector for vaccine development, particularly for 
use in the developing world. Strategies to over- 
come preexisting or nascent antivector immunity 
are now being assessed, including use of vectors 
against which humans have low seroprevalence, 
simian and canine vectors for which preexisting 
immunity in human populations is negligible, 
prime-boost regimens, and administration of vector- 
based vaccines by a mucosal route. Low sero- 
prevalence adenovinuses, such as Ad26, Ad35, and 
chimpAd63, are currently in clinical trials, and 
preclinical studies with cytomegalovirus vectors 
have demonstrated the capacity for overcoming 
antivector immunity (62). 

Dendritic cells (DC) are antigen-presenting 
cells that provide initial surveillance mechanisms 
for exposure to pathogens, whereupon they un- 
dergo rapid maturation and migrate to lymph 
nodes where induction of immune responses 
occurs. DCs play a central role in the induction of 
vaccine-mediated immune responses by provid- 
ing antigen-specific and costimulatory signals re- 
quired for T cell activation. Increased understanding 
of the mechanisms of antigen presentation, guided 
by elucidation of dendritic cell subsets and their 
functional plasticity, offer additional opportuni- 
ties for targeting and potentiation of immune re- 
sponses by vaccines (63). Targeting dendritic cells 
in vivo with antibodies to specific DC cell surface 
receptors is now being explored for vaccines (64). 
Some viral vectors, such as vesicular stomatitis 
virus (VSV), target dendritic cells, which may 
account for the potent immune responses when 
VSV is used as a vector (65). 


Deciphering Human Immune Responses 


Along with advances in antigen discovery, ad- 
juvant, and vaccine vector delivery technologies, 


the past decade has seen a technological revolu- 
tion in the capacity to analyze immune responses 
at both the single cell and the systems level, which 
offers tremendous potential for deciphering human 
immune responses to vaccines and identification 
of immune correlates of protection. Advances 
in systems biology, coupled with recent gains in 
understanding the pivotal role of innate immunity 
in augmenting adaptive immune responses, are now 
being applied to vaccine discovery in what is termed 
“systems vaccinology” (66). Technological advances 
with DNA microarrays and high-throughput DNA 
sequencing, mass spectrometry—powered proteo- 
mics, bioinformatics, and computational methods 
enable data integration that serves as the basis of 
systems vaccinology (67). Initial studies on yel- 
low fever vaccination in humans have identified 
early innate signatures that correlate with immu- 
nogenicity of the vaccines (68), and similar ap- 
proaches are now being undertaken for influenza 
and malaria vaccine development. Interrogation 
of the antibody repertoire by deep sequencing 
and bioinformatics has led to the identification of 
intermediates on the path to broadly neutralizing 
antibodies that is now helping to guide HIV vac- 
cine development (69) (Fig. 2). Concomitant with 
advances in systems biology approaches, immune- 
monitoring technologies have advanced to enable 
new approaches to characterize and interrogate 
human immune responses (7). Multiplexed flow 
cytometric and intracellular cytokine staining as- 
says now allow analyses of cell phenotype, sub- 
set identity, activation, and intracellular signaling 
status and effector activities (7/—73), and single- 
cell gene expression analyses allow greater spec- 
ificity in immune monitoring. Such monitoring 
should enable greater precision in assessments of 
correlates of protection for currently licensed vac- 
cines, which will help guide next-generation 


Next-generation 
sequencing 


a 


| 


Peripheral blood 
mononuclear cells 


Fig. 2. Technological advances toward deciphering human immune 
responses. This figure depicts technological advances in deep sequencing 
and bioinformatics that now allow identification of the antibodyome and 
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vaccine development. For example, induction of 
effector memory responses as determined by flow 
cytometric analysis is thought now to play an 
important role in the considerable control of STV 
infection conferred by CMV vector-based vaccine 
candidates (62). Combining these tools with other 
new methods for analysis of antigen-specific cells 
using multiplexed tetramer technologies and high- 
ly sensitive microarray and sequencing technol- 
ogies will allow not only for assessment of 
responses in blood but, because of the sensitivity 
of these methods, may also provide insights into 
selected tissue-level responses. This will enable 
future analyses to be made in the tissues, where 
the battle between pathogen and host largely takes 
place, rather than simply relying on measurements 
from peripheral blood. 

Taken together, recent progress in technolog- 
ical development for antigen discovery, adjuvant 
and vector discovery, and technologies aimed at 
deciphering human immune responses provide 
the foundation for major advances in vaccine dis- 
covery and their application toward accelerating 
vaccine development against the major global 
diseases for which vaccines do not currently exist. 


The Importance of Studying Vaccines in Humans: 
Limitations of Current Animal Models 


Despite best efforts, in vitro and small-animal 
models do not effectively recapitulate the dy- 
namics of human immune responses to vaccines. 
Mouse models, in particular the use of inbred 
mice, have been extremely effective as a tool for 
basic immunologists, yet have been largely un- 
successful as models for clinical application 
(74, 75). For example, inbred mice often have a 
number of homozygous recessive defects that al- 
ter the regulation of immune responses (76). Dif- 
ferences in pattern recognition receptors (e.g., 
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tracing antibody development from germ line through somatically hypermu- 
tated intermediates to the designated fully mature antibody. Such tracing can 
help guide B cell lineage—based vaccine design (23). 
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TLR9 expression) may account for considerable 
differences between humans and rodents in re- 
sponse to microbial stimuli (77, 78). In addition, 
protocols in small animal models do not ade- 
quately reflect human vaccination studies. Many 
murine studies use intravenous or intraperitoneal 
injections, whereas human vaccines are generally 
administered intramuscularly or subcutaneously 
(79). Different routes of immunization—for ex- 
ample, mucosal versus intramuscular—can change 
patterns of recognition by dendritic cell subsets, 
leading to modifications in immune responses 
(80). In addition, dose and regimen of immuniza- 
tions are often different between small-animal 
studies and human clinical trials, which can affect 
the quality and quantity of priming, effector, and 
memory responses. 

As a result of these deficiencies, there is re- 
newed interest in the use of “humanized” mice, 
which are usually immunodeficient mice that are 
reconstituted with human hematopoietic stem cells, 
peripheral blood mononuclear cells, or tissue trans- 
plants. Although these models are potentially 
very promising, they have yet to be validated for 
predicting human immune responses to licensed 
vaccines, and human hematopoietic cells devel- 
oped from stem cell transplantation in immuno- 
deficient mice are not always phenotypically and 
functionally identical to those that develop in 
humans (8/). Thus, such mice may not fully re- 
capitulate human immune responses, particularly 
where T cell helper and other effector cell mech- 
anisms are integral for optimization of vaccine- 
induced immune responses. 

Although nonhuman primates have played an 
important role in the development of vaccines for 
hepatitis B and other diseases, there are addition- 
al limitations of nonhuman primate models with 
respect to human vaccine development, includ- 
ing differences in immunogenetics between ma- 
caques and humans, species specificity of some 
viral vectors being developed as vaccine candi- 
dates, and the impact of the microbiome of hu- 
mans on vaccine evaluation. For example, HIV 
vaccine developers primarily rely on SIV repli- 
cation in rhesus macaques as a challenge model 
for assessing vaccine concepts due to the limited 
replication of HIV in macaques (82). However, 
the hypervariability of HIV cannot readily be 
modeled by SIV because of the limited numbers 
of referenced strains of SIV. Moreover, differ- 
ences between MHC restrictions in monkeys and 
HLA restrictions in humans limits the assessment 
of epitopes for inclusion in vaccine candidates. In 
addition, vectors carrying HIV genes such as cy- 
tomegalovirus and replication-competent adeno- 
virus type 4 are species-specific for humans. 

The microbiome of humans consists of the 
plethora of viruses, bacteria, and parasites that 
infect and reside in our tissues, contributing a 
substantial proportion of genetic information to 
our metagenome and thus affecting susceptibility 
and resistance to disease, particularly inflamma- 
tory diseases such as type | diabetes, ulcerative 
colitis, and Crohn’s disease (83). The concept of 
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the microbiome is being applied to personalized 
medicine but also should be viewed as a lim- 
itation when contemplating animal models for hu- 
man vaccine development (84) . 

In summary, although murine models have 
provided important insights into basic immunol- 
ogy, and small-animal models plus nonhuman 
primates have been important in the development 
of some currently licensed vaccines, there are con- 
siderable limitations of these models in predicting 
human responses to vaccines. This was demon- 
strated yet again when simian-human immuno- 
deficiency virus (SHIV) protection studies in monkeys 
suggested that an Ad5-based HIV vaccine could 
suppress viral load and control disease, yet hu- 
man efficacy trials failed to confirm these obser- 
vations (85, 86). Thus, greater attention needs to 
be focused on immunogenicity studies in humans 
aimed at answering specific questions that im- 
pede vaccine development and translating this 
information toward the development of next- 
generation and more efficacious vaccines against 
globally important diseases. 


Future Directions: Optimizing Protective 
Immune Responses in Humans 


Although licensed vaccines continue to provide 
tremendous public health benefits, success rates 
in vaccine development are not optimal and are 
even worse for the subset of complex pathogens 
for which variability and immune-evasion mecha- 
nisms present additional challenges. For exam- 
ple, in one survey of more than 200 vaccine 
development projects, success rates for vaccines 
was only 22%, compared with 40% for biophar- 
maceuticals (87). In our view, this high rate of 
failure for vaccines is directly related to (i) lack of 
information about mechanisms for protective im- 
munity directly applicable to pathogen-specific 
vaccine development and (ii) lack of understand- 
ing of optimal strategies to elicit vaccine-induced 
protective immune responses in humans and thus 
inability to effectively predict which immunogens 
would have a greater chance for success in vac- 
cine efficacy trials. 

For the major global diseases for which vac- 
cines do not currently exist (Table 2), identification 
of vaccine-induced protective immune responses 
will require greater understanding of pathogen- 
specific mechanism(s) of protective immunity, par- 
ticularly from human natural history studies and, 
in some cases, from human challenge models 
when available, such as malaria. This is impor- 
tant in cases where natural infection by specific 
pathogens provides protection against subsequent 
exposure but also in cases where natural infection 
does not confer such protection. Thus, greater 
linkages of human disease-specific pathogenesis 
studies with applied vaccinology studies will 
be central to accelerating next-generation vaccine 
development. 

Moreover, when one factors in the current 
lack of understanding in humans of (i) how to 
fine-control the antibody affinity maturation that 
is likely required to elicit broadly protective re- 
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sponses to highly antigenically variable pathogens, 
(ii) how to focus immune responses on sub- 
dominant yet critical protective epitopes, and (iii) 
how to elicit long-term central and effector mem- 
ory responses, it’s no surprise that vaccine suc- 
cess rates against complex pathogens such as 
HIV, mycobacteria, and plasmodium are worse 
than those against nonvariable, acute infections. 
However, the confluence of recent technological 
advances for vaccine discovery, systems biology, 
and immune monitoring yields a tremendous op- 
portunity for accelerating vaccine development. 
If harnessed effectively, they can lead to a greater 
understanding of disease-specific mechanisms of 
protective immunity, elucidate key principles of 
vaccinology, and be used to optimize humoral and 
cellular protective immune responses. Application 
of this information across the spectrum of disease- 
specific vaccine development programs will likely 
shorten the time required for successful develop- 
ment of new and improved vaccines. 

Clinical trials of vaccines are currently driven 
by product-specific issues, because sponsors or 
vaccine developers have preferred to quickly ad- 
vance candidates from phase I/II safety immuno- 
genicity trials to phase ITb/III efficacy trials rather 
than prioritize vaccine discovery related issues. 
Unfortunately, for diseases such as HIV, tubercu- 
losis, malaria, and others, the gap in understand- 
ing how best to elicit the requisite humoral and 
cellular effector and memory responses in hu- 
mans has slowed the pace of vaccine develop- 
ment. In the absence of a greater understanding 
of these key vaccinology principles in humans, 
the vaccine field is left to rely on large and ex- 
pensive field trials to provide any guidance. Such 
trials can cost US$50 million to $100 million or 
more, can take several years to complete, and 
often are undertaken with low probabilities of 
success. This is not to suggest that field trials 
should be abandoned. It is rather to suggest that, 
in parallel, considerable resources be directed 
toward conducting small, iterative, human clinical 
studies to address key questions currently im- 
peding the development of next-generation can- 
didate vaccines. 

In summary, successful development of vac- 
cines against the major global diseases for which 
vaccines do not currently exist would be trans- 
formational for public health, with huge benefits 
across society. Historical paradigms of empirical 
product development efforts alone are unlikely 
to be successful against major global killers that 
cause substantial morbidity and mortality today. 
This is due in large part to the current lack of 
understanding of mechanisms for protective im- 
munity, immune-evasion mechanisms, and immu- 
nization strategies on how best to elicit protective 
immune responses against such pathogens in hu- 
mans to mimic the best attributes of successful 
licensed vaccines. To accelerate next-generation 
vaccine development, we suggest that new hu- 
man immunology-based clinical research initia- 
tives be established, focused on addressing key 
questions impeding vaccine development, with 
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the goal of elucidating and more effectively gen- 
erating vaccine-induced protective immune re- 
sponses. Collectively, such a “Human Vaccines 
Project” holds the potential to greatly accelerate 
the development of next-generation vaccines against 
major global killers such as AIDS, tuberculosis, 
malaria, and other infectious diseases; enable more 
successful vaccine development against allergies, 
autoimmune diseases, and cancers; and provide a 
foundation for vaccine development against new 
and emerging diseases. 
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Enantio- and Diastereodivergent 
Dual Catalysis: o-Allylation of 
Branched Aldehydes 


Simon Krautwald, David Sarlah, Michael A. Schafroth, Erick M. Carreira* 


An important challenge in asymmetric synthesis is the development of fully stereodivergent 
strategies to access the full complement of stereoisomers of products bearing multiple 
stereocenters. In the ideal case, where four products are possible, applying distinct catalysts 
to the same set of starting materials under identical conditions would in a single step afford 
any given stereoisomer. Herein, we describe the realization of this concept in a fully 
stereodivergent dual-catalytic synthesis of y,5-unsaturated aldehydes bearing vicinal 
quaternary/tertiary stereogenic centers. The reaction is enabled by chiral iridium and amine 
catalysts, which activate the allylic alcohol and aldehyde substrates, respectively. Each 
catalyst exerts high local stereocontrol irrespective of the other’s inherent preference. 


perienced considerable progress over the 
past three decades, and a wide range of 
enantiopure compounds can now be readily pre- 
pared using enantioselective methods based on 
bio-, transition metal-, and organocatalysis (/). In 
addition, chemists can rely on a number of struc- 
tural elements, such as stereoelectronic, steric, or 
directing effects, to exert diastereocontrol in the 
reactions of chiral substrates (2). Although en- 
antiomers can be prepared by simply selecting 
between a pair of enantiomeric catalysts, a nota- 
ble challenge associated with the synthesis of 
molecules bearing multiple stereogenic centers is 
access to any stereoisomer at will from the same 
set of starting materials with full absolute and 
relative stereocontrol. 
Access to the complete set of stereoisomers of 
a compound from the same substrates has been 
realized through a number of strategies. These 
include change of solvent, the use of additives, 
and selection of distinct catalysts (3-9). In a 
different approach termed cycle-specific amino- 
catalysis, a pair of chiral amine catalysts may be 
employed in a two-step sequence of reactions with 
enamine after iminium activation (/0). A char- 
acteristic feature of this approach is that the two 
stereogenic centers are formed sequentially: After 
enantioselective formation of the first stereocenter, 
the second catalyst needs to overcome the stereo- 
chemical bias present in the chiral product of the 
first step. Thus, the overall strategy combines an 
enantioselective reaction with a catalyst-controlled 
diastereoselective step. 
In a conceptually different construct aimed at 
the synthesis of compounds with a pair of stereo- 
genic centers, two chiral catalysts employed con- 
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currently could dictate the configuration of the 
stereocenters in the product. Ideally, these would 
operate independently and set both configurations 
in a single transition state with minimal matched/ 
mismatched interactions. Herein, we report the 
realization of this concept in the development 
ofa method for the stereodivergent dual-catalytic 
a-allylation of aldehydes. 

Dual catalysis involves the concurrent activa- 
tion of both nucleophile and electrophile using 
distinct catalysts (Fig. 1A) and has recently 
emerged as an attractive strategy for enantiose- 
lective synthesis (//—/3). Its implementation re- 
lies on the combination of chiral and achiral 
catalysts to furnish products enantioselectively 
(14-18). We reasoned that a dual-catalytic sys- 
tem in which both catalysts are chiral (*Cat' and 
*Cat’) and each is capable of exercising full con- 
trol over the configuration of its corresponding 
stereocenter would provide stereodivergent ac- 
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cess to the full matrix of stereoisomeric products 
simply by using the four available permutations 
(Cat'p + Cat’, Cat'g + Cat*s, Cat's + Cat?p, 
and Cat's + Cat’s) (Fig. 1B). 


Dual Catalysis by Chiral Ir and Chiral Amine 


Ir-catalyzed allylic substitution has become a 
useful method for the synthesis of chiral build- 
ing blocks (19-22). A salient feature of these 
processes is the formation of the branched product 
resulting from addition of the nucleophile to the 
more substituted carbon of the allyl moiety. In 
this context, our own studies have demonstrated 
direct substitution of allylic alcohols using an 
Ir/(P,olefin) complex in combination with Bronsted 
acid promoters (23, 24). We anticipated that in- 
tercepting a reactive allyliridium intermediate such 
as I with a nucleophile (II) activated by a second 
chiral catalyst could result in an allylation process 
that permits control of the configuration of both 
stereocenters (Fig. 1B). Amines are known to 
readily and reversibly form nucleophilic en- 
amines from the corresponding aldehydes (25, 26). 
Specifically, cinchona-alkaloid—derived primary 
amines such as A2 and A3 have been shown to 
be useful activators in the stereoselective func- 
tionalization of carbonyls (27-29). A particularly 
attractive feature of the reaction involving I and 
II is that the two reactive species are planar in the 
region where C-C bond formation ensues, po- 
tentially minimizing matched-mismatched effects 
at the transition state. Consequently, we began our 
study by examining the reaction of hydratropal- 
dehyde (1a) and phenyl vinyl carbinol (2a) me- 
diated by the various combinations of amine 
catalysts Al and A2 and Ir/(P,olefin) complexes 
L1 and (R)-L (Fig. 2). The first set of experi- 
ments examined the effect of using a pair of cat- 
alysts in which only one is chiral (#1 and #2). 
The results demonstrate the ability of the amine 
A2 and the Ir/(R)-L catalyst to control the a or B 
configuration, respectively (30). The observed 
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relative stereocontrol in each case indicates that 
neither catalyst is able to control the configu- 
ration of both stereocenters. This is consistent 
with the observations of the experiment involv- 
ing achiral catalysts (#3). The observation of poor 
relative stereocontrol in both cases suggested to us 
that the combined use of amine A2 and Ir/(R)-L 
could result in highly diastereoselective forma- 
tion of the product. In the experiment (#4), 
product 3a was indeed isolated with excellent 
relative [>20:1 diastereomeric ratio (d.r.)] and 
absolute [>99% enantiomeric excess (ee)] stereo- 
control. Although these experiments established 
the feasibility of a diastereoselective process, 
they left unanswered the question of whether a 
stereodivergent dual-catalytic method could be 
realized. 

We then set out to examine whether the full 
array of stereoisomers of 3a might be accessible 
(37). The experiments involving the complete set 
of catalyst permutations A2 and its pseudoenan- 
tiomer A3 along with (R)-L and (S)-L establish 
the operation of a stereodivergent process (Fig. 3). 
Thus, from the same set of starting materials la 
and 2a, all four stereoisomers of 3a are obtained 
in good yields (71 to 80%) and superb enantio- 
(>99% ee) and diastereoselectivity (d.r. 15:1 
to >20:1). 


Substrate Scope 

The scope of allylic alcohols in the a-allylation 
was explored using hydratropaldehyde 1a (Fig. 4). 
A range of allylic alcohols substituted with arenes 
bearing halogens, electron-withdrawing, electron- 
donating, and alkyl substituents furnish products 
(3b to 3m) in excellent selectivities (14:1 to >20:1 
dr, >99% ee). In addition, allylic alcohols in- 
corporating other arenes such as naphthyl (3n) 
and thiophene (30) proved to be good substrates 
for the reaction. An electrophilic aldehyde in the 
arene did not interfere with the process, and 3f 
was obtained in 72% yield. Under the reaction 
conditions described, no potentially competitive 
aldol process was observed. 

We then turned our attention to investigating 
the scope of the reaction with regard to the alde- 
hyde component (Fig. 5). A range of aldehydes 
bearing common functional groups affords products 
(3p to 3t) in good yield and 4:1 to >20:1 diastereo- 
selectivity. Finally, symmetrical aldehydes (3u 
to 3w) can also be allylated in good yield and 
excellent enantioselectivity. 

After exploring the substrate scope, we sought 
to further demonstrate the stereodivergence of the 
reaction with hydratropaldehyde (1a) under the 
conditions described above. Substrates 2f, 2k, 
and 20 were chosen as representative examples 
based on their diverse electronic properties (Fig. 6), 
including electron-poor, electron-rich, and hetarenes. 
In each case, the corresponding stereoisomeric 
products were isolated in good yields, with >99% 
ee and 10:1 to >20:1 d.r. 

We subsequently subjected the substitution 
reaction to a highly challenging substrate by ex- 
amining the use of diallyl alcohol 2x (Fig. 7). In 
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Fig. 3. Stereodivergent dual catalytic synthesis of all stereoisomers of 3a. 
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Fig. 4. Allylic alcohol scope of the allylation. 
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the experiment, 2x afforded diene 3x in 57% — enantio- and diastereoselectivity in the generation —_at the more hindered end of the of the pentadienyl 
yield (98% ee, 5:1 d.t.). This example underscores __ of vicinal quaternary/tertiary stereocenters (32,33) | system. This observation in combination with 
that the process we have described displays both as well as regiocontrol, resulting from substitution those described above lead us to suggest a con- 


ceptual model to account for the high degree of 
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a high degree of local diastereofacial differentia- 
tion to participate in a single transition state with 
minimization of matched and mismatched effects. 


Outlook 
We have disclosed an enantioselective a-allylation 


3p: 76% (6:1) 3q*: 53% (6.5:1) 3r*: 62% (4:1) 3s*: 74% (4.5:1) 
>99% ee >99% ee >99% ee >99% ee of branched aldehydes that proceeds through 
iridium-catalyzed allylic substitution of allylic 
H Ph H Ph 9 H Ph 0 H Ph alcohols with in situ-generated enamines. The 
H >< “an Ay Foy x method delivers products bearing quaternary ste- 
MS Me Me reocenters in a vicinal relationship to tertiary ste- 
Boon N reocenters in good yields and excellent selectivities. 
3t: 77% (>20:1) Bu: 85% 3v: 72% 3w: 72% Theiss coupling ot anne-ankh Ineatelysis 
>99% ee >99% ee >99% ee >99% ee via chiral enamine and allyl metal intermediates 


* 20 mol% A2 and 100 mol% Cl3CCO>2H were used. 


Fig. 5. Aldehyde scope of the allylation. 


stereoisomeric products obtained by catalyst permutation* 


serves as proof of concept for stereodivergent 
dual catalysis in which two distinct and highly 
face-selective catalytic cycles are merged and 
provide access to all possible stereoisomers of a 
target compound in enantiomerically pure form. 
We expect the broader consequences of this con- 
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Observations by the Mars Science Laboratory Mast Camera (Mastcam) in Gale crater reveal isolated 
outcrops of cemented pebbles (2 to 40 millimeters in diameter) and sand grains with textures 
typical of fluvial sedimentary conglomerates. Rounded pebbles in the conglomerates indicate 
substantial fluvial abrasion. ChemCam emission spectra at one outcrop show a predominantly 
feldspathic composition, consistent with minimal aqueous alteration of sediments. Sediment was 
mobilized in ancient water flows that likely exceeded the threshold conditions (depth 0.03 to 
0.9 meter, average velocity 0.20 to 0.75 meter per second) required to transport the pebbles. 
Climate conditions at the time sediment was transported must have differed substantially from 
the cold, hyper-arid modern environment to permit aqueous flows across several kilometers. 


ecades of spacecraft observations of Mars 
De=: revealed abundant evidence for past 

water flows on the basis of a variety of 
landforms, including deltas, alluvial fans, valley 
network comparable to terrestrial river valleys, 
and giant outflow channels carved by catastroph- 
ic floods [e.g., (/—3)]. Although martian land- 
forms commonly possess morphology and scaling 
relationships similar to their counterparts on Earth, 
the resolution of satellite images is insufficient to 
reveal sediment particle size, shape, and sorting 
patterns. Such detailed sedimentary observations 
are required to confirm that certain martian land- 
forms derived from fluvial processes and provide 
critical data to perform paleohydrologic model- 
ing. Before the NASA Mars Science Laboratory 
(MSL) mission, surface observations on Mars oc- 
curred at six locations associated with the Viking, 
Pathfinder, Mars Exploration Rovers, and Phoenix 
missions. Collectively, observations from surface 
instruments showed limited evidence for water 
transport processes at only two sites. At the Path- 
finder landing site, observations of aligned and 
touching boulders were inferred to reflect clast 
imbrication by high-velocity catastrophic floods 
(4-6). In Meridiani Planum, centimeter-scale cross- 
lamination at Eagle and Erebus craters was inter- 
preted to have resulted from shallow surface flows 
(with velocities of a few tenths of a meter per 
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second) within an interaeolian dune paleoen- 
vironment (7-9). However, no definitive in situ 
evidence of a sustained fluvial overland transport 
system has been encountered by previous landers. 

The MSL Curiosity rover arrived at equatorial 
Gale crater on 6 August 2012 UTC (Fig. 1). The 
final landing ellipse was chosen in part because of 
its proximity to Aeolis Mons (known informally as 
Mt. Sharp), the central, 5-km-high layered mound 
within Gale crater, but also because it was close 
to a prominent alluvial fan, the Peace Vallis fan 
(/0, 11). During the first 100 sols of the mission, 
Curiosity traveled ~400 m from its landing site 
across the Bradbury Rise toward bedrock ex- 
posed at Glenelg (/2, /3). Here, we analyze a 
suite of rocks encountered along this traverse 
based on data acquired by the Mast Camera 
(Mastcam) and ChemCam instruments (/4—/6). 


Outcrop Characteristics 


The surface of Bradbury Rise is characterized by 
two distinct elements: a rock pavement of loose 
clasts (/7) (fig. S1) and occasional horizontal to 
subhorizontal blocks with embedded pebbles. Here 
we focus on the latter component, which is present 
within a narrow (~5 m) elevation range, displays 
generally similar characteristics, and is interpreted 
as exposures of a distinct geologic unit or facies. 
This facies consists of thin (<0.1 m thick), co- 


herent blocks that appear to have a well-defined 
base and limited areal outcrop extent (<I m/). 
Although the contact with subjacent rocks is not 
directly observed, the slabs typically form pro- 
truding ledges that imply that the substrate is finer 
in grain size or less indurated, and easily erodes. 

Multiple outcrops of these pebble-rich rock 
slabs were observed along the first 275 m traversed 
by the rover, with high-resolution Mastcam im- 
ages acquired at three locations: Goulburn, Link, 
and Hottah (Fig. 1C). Goulburn was exposed at 
the landing site by thrust impingement scouring 
driven by one of the four pairs of descent engines, 
which removed unconsolidated regolith and re- 
vealed the underlying lithified rock (fig. $2). At 
this location, a horizontal rock layer composed of 
pebbles and an unresolved finer component was 
observed. The other two locations, Link and 
Hottah, were observed within ~100 m of 
Goulburn, and displayed tilted, fractured pebble- 
rich rock slabs with sufficient competency to 
maintain near-vertical faces (Fig. 2A and Fig. 
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3A). At both locations, multiple decimeter-scale 
slabs outcrop, separated by linear fractures that 
display vertical offsets of 2 to 10 cm. The exposed 
block surfaces dip at approximately constant but 
gentle angles relative to the ground. 

In all three outcrops, the resolvable grains 
range from very coarse sand (diameter 1 mm) to 
pebbles (diameter 2 to 40 mm; table S1). The 
grain size distribution (transformed to a phi scale) 
approximates a normal (Gaussian) distribution 
and indicates moderately sorted sediment (Fig. 4) 
(17). The clast size distributions determined from 
these rocks are truncated because smaller parti- 
cles are not sufficiently distinct in the Mastcam 
images; hence, the measured size distribution is 
somewhat coarser than the actual grain size dis- 


Goulburn 


y Link 


Y Hottah 


Bradbury Rise 


tribution within the rocks. In the first 100 sols, the 
highest-resolution view of this type of rock is 
from the ChemCam Remote Micro-Imager (RMI, 
~50 um per pixel in this case). The RMI images of 
Link (Fig. 5) do not allow us to determine whether 
the matrix consists of fine sand or clay-size grains. 
The matrix between resolvable grains is generally 
darker-toned and may include interstitial cement 
as well as fine grains. 

On surfaces that appear less dust-covered, 
both bright (white or translucent) and dark peb- 
bles are present in color Mastcam images (e.g., 
Figs. 2 and 3 and fig. S2), with up to half visually 
appearing as black or gray. In grayscale RMI 
images on Link, about two-thirds of clasts larger 
than 2 mm are light-toned and the remainder are 


; 50 100m 


Fig. 1. Location of study site. (A) (inset) The Curiosity rover landed on the Aeolis Palus lowlands in 
northwestern Gale crater [white box corresponds to (B)]. Color topographic map displays elevation values 
from the Mars Orbiter Laser Altimeter (MOLA) instrument (39). (B) The Peace Vallis fan is characterized by 
convex topographic contours (black lines; contour interval is 5 m, arrow marks downslope direction) from 
smoothed High Resolution Imaging Science Experiment [HiRISE (40)] stereo data. The broad topographic 
expression of the alluvial fan becomes less distinct downslope of the dashed red line. Sinuous ridges 
interpreted to record former flow paths (i.e., inverted channels) are mapped in white. Bradbury Landing is 
marked by yellow star. (C) Curiosity’s route in the first 100 sols across Bradbury Rise from the darkened 
“blast zone” at the landing site toward Glenelg is marked on a HiRISE image (ESP_028335_1755) 
acquired on 11 August 2012. The locations of pebble conglomerates are marked with red dots. 
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dark-toned (Fig. 5). The variability in size, shape, 
and color of the pebbles in outcrops reflects dif- 
ferent clast compositions and likely multiple prov- 
enance lithologies. 

Within the outcrops, observable clasts are ar- 
ranged in grain-to-grain contact. Locally grains 
form tightly packed clusters (Fig. 3C), including 
in the highest-resolution images of Link where 
pebbles are in contact with very coarse sand grains 
(Fig. 5). In Hottah, parallel stratification is evident 
in a few relatively dust-free cross-sectional sur- 
faces oriented approximately perpendicular to the 
rover (Fig. 3B). Elongate clasts are commonly 
aligned parallel to stratification, and in several 
examples these clasts show imbrication (Fig. 3D). 
In places, layers of pebbles are separated by finer- 
grained, recessed layers that form repeating cou- 
plets up to 5 cm thick (Fig. 3C). 

Most pebbles observed within these outcrops 
are distinguished by smooth, rounded perimeters 
and an equant to tabular shape (fig. S3). The round- 
ness of the pebbles is documented in two ways 
(77) (table S2). Qualitative roundness indices for 
the majority of pebbles are classified as subrounded 
or rounded, and the mean quantitative relative 
roundness is moderate (~0.42 in Hottah and 
~0.44 near Link). 

Rounded pebbles observed by MSL differ from 
the dominantly angular clasts (>1 cm) documented 
at prior martian lander and rover locations (Viking, 
Pathfinder, and Mars Exploration Rovers). The 
quantitative roundness of clasts measured here by 
Curiosity are an order of magnitude higher than 
reported at Pathfinder (0.083) (/8). Clasts at other 
martian landing sites have been interpreted as a 
single lithology of volcanic origin with minimal 
modification by impact cratering and aeolian pro- 
cesses (/S—20). The intermediate roundness val- 
ues for a portion of the particles at the Viking 1 and 
Pathfinder landing sites, located in circum-Chryse 
outflow channels, are consistent with high-energy, 
short-duration abrasion associated with cata- 
strophic flooding (/8—20). 


Sediment Transport Processes 

The sedimentologic characteristics of these out- 
crops at Gale crater provide insights into sedi- 
ment transport processes. Bedload collisional 
processes in flows produce rounding for hetero- 
geneous clasts, and this is a particularly relevant 
mechanism for rounding the largest size fraction 
observed (pebbles with long axis of 10 to 40 mm). 
Sediment transported by traction (bedload) will 
slide or roll along the bed. Particles transported in 
a fluid are subjected to mechanical erosion, or 
abrasion, of the irregular edges of a particle through 
numerous impacts and grinding, ultimately pro- 
ducing a smooth surface (2/, 22). 

The particle size, roundness, sorting, and fab- 
ric exposed in these rocks lead us to interpret 
them as water-transported sediment. The clast 
size and rounded perimeter of pebbles within 
these rocks are consistent with their classification 
as fine-pebble fluvial conglomerates (e.g., a coarse- 
grained sedimentary rock that is commonly 
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cemented and made up of rounded to subangular 
rock fragments larger than 2 mm in diameter in 
a finer-grained matrix of sand or silt). 

Additional evidence for a fluvial interpreta- 
tion is the stratification at Hottah. Alternating 
pebble-rich and sand layers (Fig. 3C) indicate 
fluctuations within sediment transport that result 
in size sorting of the deposits. In bedload trans- 
port, the presence of sand mixed with fine peb- 
bles leads to a sorting instability within flows that 
produces shallow migrating bedforms (bedload 
sheets), resulting in fine-scale vertical variations 
in grain sorting (23), as observed at Hottah. 

Alternative sediment transport mechanisms to 
water flows are inconsistent with the observed 
rock characteristics. For example, the well-developed 
rounding of the pebbles together with clast fabric, 
specifically the grain-to-grain contact and local 
imbrication, make mass transport as a debris flow 
unlikely. Likewise, pebble clusters and the rela- 
tively wide size range of pebbles within the de- 
posit are inconsistent with transport and deposition 
by wind. The largest grains mobilized by wind 
will move via creep driven by impacts from abun- 
dant saltating finer grains. On Mars, |- to 2-mm 
grains are driven by creep, leading to formation 
of megaripples observed at both Mars Explora- 
tion Rover landing sites [e.g., (24)]. The result of 
this process is a relatively thin surface layer of 
uniformly sized clasts due to size-dependent down- 
wind (creep) migration rates, which differs in 
both geometry and the coarse grain size range 
(2 to 40 mm) within the martian conglomerates 
described here. The higher density of liquid fluids 
relative to air results in higher bed shear stress 
(and a buoyancy force on the particle), which can 
mobilize coarse sediment. 

A number of factors influence the develop- 
ment of rounded clast perimeters in fluvial trans- 
port, including the original clast size, shape, and 
lithology, as well as the grain size of the bed 
material (2/, 25). Sand commonly acts as an 
abrasive agent when transported with pebbles in 
fluvial systems, causing the coarser particles to 
round more rapidly (2/, 22). The presence of 
coarse sand and rounded pebbles in the martian 
rocks is consistent with a highly abrasive flow. 
For clasts of the same size, lithology is the major 
factor affecting the rate of downstream rounding 
[e.g., (25—27)]. On the basis of published data for 
pebbles in natural streams and fluvial abrasion 
experiments for a range of compositions [e.g., 
(25-27)], and assuming an initial angular pebble, 
we estimate a minimum transport distance of a few 
kilometers to produce a rounded pebble surface. 
On Mars, the elastic collisions within the flow 
may have had lower energy due to the reduced 
gravity, resulting in lower abrasion rates and lon- 
ger transport distances to achieve similarly rounded 
pebbles. Overall, the rounded pebbles of apparently 
diverse lithology within the martian conglomerates 
are strong evidence for sustained fluvial transport. 

The grain size distribution can be used to es- 
timate the critical shear stress for sediment mo- 
bility, and in turn the flow depth and mean velocity 
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Fig. 2. Comparison of pebbles at Link and a terrestrial analog site. (A) Link was imaged with the 
100-mm Mastcam on sol 27 (27). (B) Rounded clasts of similar size and shape are observed in comparably 
sized distal alluvial fan deposits on Earth, such as this example from the Atacama Desert, Chile. 


Fig. 3. Examples of sedimentary texture and fabric in the Hottah outcrop. (A) The Hottah outcrop 
has fractured and gently tilted (~30°) blocks, as seen in this mosaic of Mastcam images taken on sol 39 
(17). (B) The perimeter of a well-rounded pebble protruding from the outcrop (upper black arrow, long 
axis ~3 cm) is smooth. White arrow points to parallel stratification. (C) In places, there are alternating 
protruding, pebble-rich layers (black arrows) and recessive layers. An example of a clast-supported pebble 
cluster is marked by the yellow circle. (D) Example of imbricated clasts. 


assuming a water surface slope between 0.1 and 
1% (17, 28-30) (tables S3 to $5). This range of 
slope values corresponds to the nearby alluvial 
fan slope (1%) and an approximate lower value 
(0.1%) for gravel-bedded streams [e.g., (37, 32)]. 


For the clast size distributions observed in the three 
conglomerates, the minimal flow depth (suffi- 
cient to initiate motion) is 0.03 to 0.9 m and the 
corresponding average flow velocity is estimated 
to be 0.20 to 0.75 m/s. In all cases, the estimated 
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Fig. 4. Cumulative grain 100 
size frequency plot. The x 
axis is the phi scale, which 
we have converted to milli- 
meters (17). The grain size 
distributions for martian con- 
glomerates and a terrestrial 
analog are normal in all cases, 
with most of the particles sizes 
clustered around the median 
value, consistent with fluvially 
transported sediment (41). 
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Fig. 5. Highest-resolution view of Link. (A) Mosaic 
of two RMI images (17) from a distance of 2.66 m to 
the Link outcrop, with color merged from Mastcam 
images. This composite image has a resolution of 
~50 um per pixel. White box outlines the field of view 
in (B) and (C). (B) This enlarged view shows coarse 
sand grains in contact with light-toned pebbles, and 
rounded to sub-rounded grain shape. The interstitial 
component between resolvable grains appears dark- 
toned, suggests a mafic composition. The ends of a 
five-point LIBS line are marked by crosshairs. LIBS 
sampled mainly lighter grains with the exception of 
point 5, which sampled a darker area. In contrast to 
LIBS holes observed in some other rocks, LIBS shot 
points did not leave obvious marks on Link. (C) 
Difference map (from images acquired before and 
after laser activity) superimposed on the same view, 
showing the locations of the five ablated points. 


Goulburn 
—Link 
—— Hottah 
——— Atacama 


4 8 16 
Grain Size (mm) 


32 


threshold conditions correspond to subcritical flows 
where the gravitational force is greater than the 
inertial driving force [Froude number < | (/7)]. 
Flows likely exceeded these threshold conditions. 


Composition 

The composition of the conglomerates is indica- 
tive of the sediment source and depositional en- 
vironments. The Laser-Induced Breakdown 
Spectrometer (LIBS) of the ChemCam instru- 
ment (/4—/6) was used to determine elemental 
composition at the Link outcrop. Five points 
~400 um in diameter spanning a distance of 
~15 mm provided a compositional sampling of 
minerals in the coarse-grained rocks (Figs. 5 and 
6). Laser shot points appear to have sampled 
predominantly the light-toned fraction of Link. 
The target is especially high in Si, K, and Na 
relative to typical martian basaltic rocks, and Rb 
is detected in concert with K at the 100- to 200-ppm 
level (/7). The partial least squares (PLS) pro- 
cessed results show a composition corresponding 
to high silica and high alkaline content (table S6). 
The high Si content and normative plagioclase 
and orthoclase suggest a substantial feldspar com- 
ponent, consistent with the presence of light- 
toned grains [see (33) for additional detail]. The 
presence of alkaline elements (i.e., mobile cations 
such as Ca, Na, and K) in Link indicates that 
prolonged aqueous alteration has not occurred 
(table S6). 

A Fe-, Ti-, and Cr-rich component identified 
in point 5 (Fig. 6B) is similar in composition to 
typical martian regolith [approximately basalt com- 
position (/7)]. However, the RMI images of Link 
(Fig. 5) confirm that the rock is largely free of a 
loose surface coating. In addition, a thicker dust 
mantling here is discarded as a possibility be- 
cause of the compositional difference between 
point 5 and average dust (table S6). The phase 
with high Fe and Ti abundance may correspond 
to fine basaltic grains that were transported with 
larger clasts, reflecting different provenance, or to 
an iron-rich cement. 
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In addition, all Link spectra display a hy- 
drogen peak visible at 656 nm, consistent with 
the presence of a low proportion of hydrated 
mineral(s). This peak is present in all points but 
seems to be higher for the first 25 shots at point 5 
(Fig. 6B), corresponding to the Fe-, Ti-, and Cr- 
bearing component. The depletion of mobile 
elements (e.g., Na) relative to aluminum in this 
phase may be consistent with limited alteration. 
We cannot determine whether the observed hy- 
dration is related to in situ aqueous alteration of 
fine grains, or to minor alteration phases that were 
already present in the martian crust and trans- 
ported as fines with the larger clasts. The isolated 
rock exposures and consistent thickness of beds 
suggests localized induration after flows ceased. 

Overall, the chemical data are consistent with 
a rock comprising first-cycle clastic sediments 
with preservation of coarse feldspar grains and 
minimal alteration products. We conclude that clast 
size and shape developed predominantly from 
mechanical rock breakdown by fluvial abrasion, 
in contrast to terrestrial rivers where the develop- 
ment of weathering rinds is a secondary mechanism 
contributing to clast diminution and form [e.g., (34)]. 


Stratigraphic Interpretation 


The conglomerates have a complex geologic set- 
ting: The ancient impact basin they lie within 
formed approximately 3.6 to 3.8 billion years 
ago, around the Noachian-Hesperian transition 
(35, 36), and may have filled completely with 
sediment before being eroded to the current mor- 
phology through aeolian erosion (36). The Bradbury 
conglomerates are within the crater-fill stratigra- 
phy and document the role of fluvial processes in 
sedimentation within Gale crater. 

Multiple fluvial pathways have been identi- 
fied at Gale crater from orbital images [e.g., (0)], 
but none can be connected with confidence to 
the conglomerates. Both Aeolis Mons and the 
crater rim show geomorphic evidence for fluvi- 
al incision (/0, 37) (Fig. 1) and could have 
been sediment sources for the conglomerates, For 
example, the conglomerates are located down- 
slope of a large, crater rim—sourced alluvial fan 
(~80 km’). The transport distances across the 
alluvial fan (~14 km) and from its drainage basin 
(©40 km) are consistent with the rounded clast 
observations. The distal Peace Vallis alluvial fan 
slope (~1% gradient) can be projected across a 
topographic depression ~5 km to the conglom- 
erate outcrops. However, there is no evidence to 
date, except topography, indicating that the Peace 
Vallis fan extended to this area. In the absence of 
contact relationships between the Bradbury Rise 
conglomerates and mapped geomorphic features 
interpreted as water-formed, the overall stratigraph- 
ic context and relative age of the conglomerates 
are uncertain. Thus, the most parsimonious inter- 
pretation is that the conglomerates are distal 
alluvial fan deposits of unknown age. 

Despite the uncertainty in their stratigraphic 
context, the Bradbury conglomerates constitute a 
record of past conditions at Gale crater that contrast 
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Fig. 6. Emission spectra from Link. (A) ChemCam averaged spectra (17) in 
selected wavelengths for five points (Fig. 5C) on the Link outcrop and an 
anhydrous rover-mounted calibration standard [norite composition (42) in 
navy blue]. All Link spectra have higher Si and Na than the norite standard (in 
contrast, Ca is slightly higher in the norite), in agreement with quantitative 
analyses (table $6). Enlargement of the hydrogen line region at 656 nm shows 
detection of hydrogen in the average spectra of all points at Link. The emission 


with the modem martian environment, where liquid 
water is unstable under current atmospheric condi- 
tions (38). These ancient fluvial deposits indicate 
sustained liquid water flows across the landscape— 
a finding that raises prospects for the former pres- 
ence of habitable environments on Mars. 


References and Notes 
. M.C. Malin, K. S. Edgett, Science 302, 1931 (2003). 
. ], M. Moore, A. D. Howard, j. Geophys. Res. 110, £04005 
(2005). 
3. Mars Channel Working Group, Geol. Soc. Am. Bull. 94, 
1035 (1983). 
4. P. H. Smith et al., Science 278, 1758 (1997). 
5. Rover Team, Science 278, 1765 (1997). 
6. Rocks at the Pathfinder site with possible sockets and 
knobs were proposed as candidate conglomerates, but 
low image quality made this interpretation equivocal. 
7. S. W. Squyres et al., Science 306, 1709 (2004). 
8. J. P. Grotzinger et al., Earth Planet. Sci. Lett. 240, 11 
(2005). 
9. J. P. Grotzinger et al., Geology 34, 1085 (2006). 
. R. B. Anderson, J. F. Bell, Mars 5, 76 (2010). 
. ]. P. Grotzinger et al., Space Sci. Rev. 170, 5 (2012). 
. Asol is a martian day. 
. Names have been assigned to areographic features and 
rocks by the MSL team for planning and operations 
purposes. These names are not formally recognized by 
the International Astronomical Union. 
Cameras on Curiosity’s remote sensing mast include 
four monochrome navigation cameras, each with a 45° 
field of view (FOV), and two color cameras (Bayer pattern 
color filter array) that constitute the stereo Mastcam 
instrument. The left camera has a 34-mm focal length 
with 15° FOV; the right camera has a 100-mm focal 
length and 5° FOV. At a distance of 2 m, the Mastcam 
pixel scales are 440 and 148 um, respectively. The 
ChemCam instrument is a package of a Laser-Induced 
Breakdown Spectrometer (LIBS) coupled to a Remote 
Micro-Imager (RMI). The full FOV for each RMI is 


NB 


14. 


5. 
16. 
17. 
18. 
19: 
20. 
ai, 
22, 
23; 
24, 


25. 
26. 


27. 


28. 


29. 


30. 
31, 


32. 


Link Point 5 


Normalized Intensity 


the correlated variations in 


20 milliradians. The Mars Hand Lens Imager (MAHLI) and 
Alpha-Proton X-ray Spectrometer (APXS) instruments 
were not commissioned for tactical operations when the 
conglomerates were encountered. 

R. C. Wiens et al., Space Sci. Rev. 170, 167 (2012). 

S. Maurice et al., Space Sci. Rev. 170, 95 (2012). 

See supplementary materials on Science Online. 

R. A. Yingst, A. F. C. Haldemann, K. L. Biedermann, 

A. M. Monhead, J. Geophys. Res. 112, E06002 (2007). 
J. B. Garvin, P. ]. Mouginis-Mark, J. W. Head, Moon 
Planets 24, 355 (1981). 

R. A. Yingst et al., J. Geophys. Res. 113, £12S41 
(2008). 

R. L. Folk, The Petrology of Sedimentary Rocks 
(Hemphills, Austin, TX, 1980). 

W. C. Krumbein, L. L. Sloss, Stratigraphy and Sedimentation 
(Freeman, New York, 1963). 

P. ]. Whiting, W. E. Dietrich, L. B. Leopold, T. G. Drake, 
R. L. Shreve, Geology 16, 105 (1988). 

D. J. Jerolmack, D. Mohrig, J. P. Grotzinger, D. A. Fike, 
W. A. Watters, J. Geophys. Res. 111, E12S02 (2006). 
H. H. Mills, J. Sediment. Petrol. 49, 295 (1979). 

N. S. Davies, R. K. Vessell, R. C. Miles, M. G. Foley, 

S. B. Bonis, in Fluvial Sedimentology, A. D. Miall, Ed. 
(Canadian Society of Petroleum Geologists, Calgary, 
1977), Memoir 5, pp. 61-84. 

J. Lewin, P. A. Brewer, Earth Planet. Sci. Lett. 27, 145 
(2002). 

Scaling analysis suggests that Mars’ lower gravity has 
only a minor effect on fluvial gradients at the threshold 
of motion and bedform configuration. Therefore, it is 
appropriate to compare terrestrial fluvial bedforms and 
gradients to their martian counterparts. 

V. T. Chow, Open-Channel Hydraulics (Blackburn, 
Caldwell, NJ, 1959). 

P. D. Komar, /carus 42, 317 (1980). 

G. Parker, P. R. Wilcock, C. Paola, W. E. Dietrich, 

]. Pitlick, J. Geophys. Res. 112, F04005 (2007). 

R. S. Anderson, S. P. Anderson, Geomorphology: The 
Mechanics and Chemistry of Landscapes (Cambridge 
University Press, Cambridge, 2010). 


or 
ie) 


a Standard 


Normalized Intensity 


655 660 
Wavelength (nm) 


655 660 


line at 658 nm corresponds to atmospheric carbon and varies only because of 


hydrogen. (B) Shot-by-shot data over the 50 shots 


at point 5 (black, shot 0; red, shot 50). The first half of these shots have higher 
Fe, Cr, and H emission lines than the second half, corresponding to a pro- 
gressive change in composition with depth (table $6). (C) By comparison, the 
onboard norite standard shows H only in the first five shots (surficial dust 
contribution), whereas most of the target is dry, as expected. 


33. R. C. Wiens et al., 44th Lunar and Planetary Science 
Conference, Abstract 1363 (2013); www.lpi.usra.edu/ 
meetings/lpsc2013/pdf/1363.pdf. 

P. L. Heller et al., Geology 29, 971 (2001). 

The Noachian is a geologic system on Mars representing 
the oldest period of the planet's geologic history, 
characterized by high impact rates. 

B. J. Thomson et al., /carus 214, 413 (2011). 

M. C. Malin, K. S. Edgett, Science 290, 1927 (2000). 

R. M. Haberle ef al., J. Geophys. Res. 106, 23317 (2001). 
D. E. Smith et al., J. Geophys. Res. 106, 23689 (2001). 
A. S. McEwen et al., J. Geophys. Res. 112, E05S02 (2007). 
K. Bunte, S. R. Abt, U.S. Department of Agriculture 
General Technical Report RMRS-GTR-74 (2001). 

S. M. Fabre et al., Spectrochim. Acta B 66, 280 (2011). 


34, 
35. 


36. 
37. 
38. 
39. 
40. 
41. 


42. 


Acknowledgments: We thank K. Tanaka and L. Kestay 
(USGS-Flagstaff) and four anonymous referees for constructive 
reviews of this manuscript. This research was carried out for the 
Jet Propulsion Laboratory, California Institute of Technology, 
under a contract with NASA under the Mars Program Office, 
including JPL contracts 1449884 (R.M.E.W.) and 1273887 (Malin 
Space Science Systems). Work in France was carried out with 
funding from the Centre National d'Etudes Spatiales. Work in 
the UK was funded by the UK Space Agency. Work in Denmark 
was funded by the Danish Council for Independent Research/Natural 
Sciences (FNU grants 12-127126 and 11-107019) and the 

TICRA Foundation. Work in Germany was partly funded by 
Deutsche Forschungsgemeinschaft grant GO 2288/1-1. Data in 
this manuscript are available from the NASA Planetary Data 
System. This is PSI contribution 603. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/340/6136/1068/DC1 
Methods 

Supplementary Text 

Figs. $1 to $3 

Tables $1 to S6 

References (43-56) 


4 March 2013; accepted 7 May 2013 
10.1126/science.1237317 


31 MAY 2013, VOL 340 SCIENCE www.sciencemag.org 


High-Strength Chemical-Vapor—Deposited 
Graphene and Grain Boundaries 


Gwan-Hyoung Lee,”?* Ryan C. Cooper,’* Sung Joo An,’ Sunwoo Lee, Arend van der Zande,”* 
Nicholas Petrone,* Alexandra G. Hammerberg,* Changgu Lee,*’° Bryan Crawford,’ 
Warren Oliver,’ Jeffrey W. Kysar,’t James Hone“t 


Pristine graphene is the strongest material ever measured. However, large-area graphene films 
produced by means of chemical vapor deposition (CVD) are polycrystalline and thus contain 
grain boundaries that can potentially weaken the material. We combined structural characterization 
by means of transmission electron microscopy with nanoindentation in order to study the 
mechanical properties of CVD-graphene films with different grain sizes. We show that the elastic 
stiffness of CVD-graphene is identical to that of pristine graphene if postprocessing steps avoid 
damage or rippling. Its strength is only slightly reduced despite the existence of grain boundaries. 
Indentation tests directly on grain boundaries confirm that they are almost as strong as 

pristine. Graphene films consisting entirely of well-stitched grain boundaries can retain ultrahigh 
strength, which is critical for a large variety of applications, such as flexible electronics and 


strengthening components. 


inevitable presence of bulk and surface de- 
fects limits the tensile strength to a value that 
typically falls well short of the intrinsic strength 
predicted for homogeneous tensile cleavage (/). 
Low-dimensional materials such as 2D graphene 
or quasi-1 D carbon nanotubes can achieve record 


I: bulk three-dimensional (3D) materials, the 


Fig. 1. Materials and test- 
ing methods. (A and C) 
False-color DF-TEM images 
and (B and D) SAED patterns of 
SG graphene and LG graphene 
films. (E) Schematic of the 
suspended graphene film over 
hole for AFM nanoindenta- 
tion tests. (F) SEM images 
of the suspended LG graphene 
film over holes. The border 
of the graphene-covered 
area is indicated by a dashed 
line for visualization. Wrin- 
kles often present in the trans- 
ferred graphene can be seen. 
(@ Force-displacement curve 
of the SG graphene film in 
AFM nanoindentation. The 
red line is a fitting curve to 
equation 2 of (2). (Inset) The 
AFM topology images of the 
suspended SG graphene film 
before and after fracture. 
Scale bars, (A) and (F) 3 um; 
(©) 20 uum; (G) 1 wm. 
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strength in part because of the lack of surface 
defects that often initiate fracture in 3D materials. 
However, using the ultrahigh strength of low- 
dimensional materials on the macroscale remains 
an open challenge, both from a technological per- 
spective and as a matter of fundamental interest. 
At sufficiently large scales, all materials will con- 


tain lattice defects, and the effects of such defects 
should be magnified in low-dimensional materials 
because of a reduction in the number of dimen- 
sions in which a material can receive structural 
support: In the limit ofa 1D atomic chain, even a 
single vacancy will reduce the tensile strength to 
zero. Moreover, the same lack of surface-bulk 
distinction that eliminates surface defects in low- 
dimensional materials also renders them extreme- 
ly sensitive to damage during processing. 

We have previously used nanoindentation of 
freely suspended films in an atomic force mi- 
croscope (AFM) to show that graphene isolated 
through mechanical exfoliation is the strongest 
known material and, in its defect-free pristine state, 
can achieve its intrinsic strength before succumb- 
ing to rupture (2). However, graphene produced 
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through scalable methods—such as chemical va- 
por deposition (CVD)—produces graphene with 
various defects, especially grain boundaries 
(3-7). It is of fundamental importance to under- 
stand how the nature and presence of such defects 
will degrade the mechanical properties. Recent 
theoretical studies have argued that graphene grain 
boundaries can be as strong as the pristine lattice, 
depending on their exact configuration, such as 
tilt angle (8) and arrangement of defects (9). On 
the other hand, nanoindentation tests have shown 
that both the elastic stiffness and fracture strength 
of CVD-graphene with micrometer-scale grain 
size are much smaller than those of defect-free 
pristine graphene and that fracture occurs at grain 
boundaries (3, 5). However, continued progress in 
development of techniques for processing graphene 
motivates reexamination of this question from an 
experimental standpoint. Indeed, we find here that 
techniques used in earlier studies, which were stan- 
dard practice at the time and remain widely used, 
significantly degrade the strength of graphene (sup- 
plementary materials). In this work, we used new 
processing techniques that leave graphene’s strength 
intact. We used a commercial nanoindenter to test a 
large number of samples for statistical analysis and 
combined nanoindentation and transmission elec- 
tron microscopy (TEM) characterization to test 
individual grain boundaries. The data were ana- 
lyzed by using a multiscale model that is based on 
density functional theory and has been experi- 
mentally validated for pristine graphene. 

Two types of graphene were grown on copper 
foil: continuous graphene films with small grains 
(SG) and isolated single-crystals with large grains 
(LG) (supplementary materials, materials and 
methods). Dark-field TEM (DF-TEM) imaging 
(3) was used to map the grain structure of the 
graphene films (Fig. 1, A and C); each false-color 
area indicates a distinct crystal orientation from 
the selected area electron diffraction (SAED) pat- 
terns of Fig. 1, B and D. These patterns confirm 
that the SG graphene is similar to the films studied 
previously (3—5): It is polycrystalline, with 1- to 
~5-uum grains that are stitched at well-defined 
grain boundaries, that have been observed to con- 
sist of pentagon and heptagon carbon rings without 
any other defects, such as holes (3, 4). Small bi- 
layer patches are occasionally present in the middle 
of grains. The star-shaped LG graphene grains are 
50- to ~200-1m single crystals (Fig. 1D) (70, //) of 
single-layer graphene with small multilayer patches 
at the center. All of the nanoindentation experiments 
reported below were performed on the single- 
layer areas of the SG and LG graphene films. 

To create suspended membranes, graphene 
films grown on copper foil were transferred onto 
a silicon dioxide substrate with an array of holes 
with 1- and 1.5-um diameters (Fig. 1E; figs. S1 
and $2; and supplementary materials, materials 
and methods). We found that two of the pro- 
cessing techniques used in previous studies (3, 5) 
severely weakened the grain boundaries in CVD- 
graphene: etching the copper with ferric chloride 
(FeCl;) and removal of a polymer support by 
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baking in air (figs. S3 and S4). Both steps were 
avoided herein; the copper was etched with am- 
monium persulfate instead of FeCl;, and poly- 
dimethylsiloxane (PDMS) was used to support 
the graphene during copper etching and to dry- 
stamp it onto the substrate without baking. The 
transferred LG graphene film is shown in the 
scanning electron microscopy (SEM) image of 
Fig. 1F (SG graphene is shown in fig. S3A). The 
graphene films form membranes tautly suspended 
above the holes, with little contamination. Raman 
spectroscopy confirms that the membranes are high- 
ly crystalline graphene with few defects (fig. S5). 

We used nanoindentation to measure mechan- 
ical properties of the suspended membranes, as 
described in (2, /2). A representative force- 
displacement curve obtained by using an AFM 
with a diamond tip of 26-nm radius is shown in 
Fig. 1G. The curve was well fitted by use of a 
quasi-empirical polynomial form (2). The cubic 
fitting parameter yielded 99% confidence inter- 
vals for the mean of elastic stiffness of 328 + 15 N/m 
near that of pristine graphene (340 N/m) and an 
order of magnitude higher than the value pre- 
viously reported for CVD-graphene (55 N/m) (5). 
Moreover, the force required to break the mem- 
brane is 2000 + 420 nN, which is much greater 
than that previously observed (50 to 120 nN) (3, 5). 
A SG membrane before and after fracture are 
shown in the AFM images in the inset. The sam- 
ples showed no sign of slippage at the periphery, 
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and the fracture pattern was similar to that ob- 
served for pristine graphene (fig. S6). 

For statistical analysis of stiffhess and strength, 
we tested a large number of specimens using a 
nanoindenter, with a 38-nm-radius diamond tip 
(fig. S7A). Each membrane was cyclically tested 
to increasing depth to fracture; the nonhysteretic 
force-displacement curves were analyzed as above. 
Histograms of the derived elastic stiffness are 
shown in Fig. 2, A and B, for LG and SG graphene 
(that of pristine graphene is available in fig. S7B). 
We obtained elastic moduli of 324 + 13, 339 + 17, 
and 328 + 17 N/m (which correspond to a 3D 
Young’s modulus of ~1 TPa) for pristine, LG, and 
SG graphene, respectively. According to one-way 
analysis of variance (ANOVA) analyses, there are 
no statistical differences among these three values 
or between these and the value previously obtained 
for pristine graphene (fig. S8A and table S1) (2); all 
are in agreement with theoretical predictions in the 
absence of grain boundaries (/3). The wider dis- 
tributions observed for SG and LG graphene may 
be due to the presence of wrinkles and small bilayer 
patches in the CVD-grown membranes. 

The measured fracture loads for LG and SG 
membranes are shown in Fig. 2, C and D (pristine 
is available in fig. S7C). The measurements yield 
fracture loads of 3410 + 260, 3370 + 340, and 
2590 + 380 nN for the pristine, LG, and SG films, 
respectively. The fracture load of the SG films is 
statistically different from that of the pristine and 
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Fig. 2. Statistical analyses of nanoindenter results. (A and B) The histograms of the elastic stiffness 
of (A) LG and (B) SG graphene films. (C and D) The histograms of fracture load for (C) LG and (D) SG 
graphene films. A tip with a 38-nm radius was used in all tests. The dashed lines indicate fitted Gaussian 


distributions. 
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LG films, whereas there is no statistical differ- 
ence between the fracture loads of the pristine 
and LG graphene according to one-way ANOVA 
(fig. S8B and table S2). The smaller mean frac- 
ture load and wider distribution observed for SG 
graphene indicates that the strength is influenced 
by the randomly occurring defects and grain bound- 
aries in the membranes. Nevertheless, the mea- 
sured fracture load of the SG graphene is much 
larger than seen in previous measurements (3, 5). 

We calculated the breaking strength of the 
graphene films as a function of the measured 
fracture load and tip diameter with an experi- 
mentally validated multiscale model based on 
atomic-scale ab initio density functional theory 
(14). This constitutive model informs a continuum 
description of anisotropic and nonlinear elastic 
behavior for in-plane deformation (/4, /5) that 
permits numerical modeling of the stress in the 
graphene up to the point of rupture. Shown in fig. 
S9 is the equibiaxial true stress versus load under 


the center of a 38-nm indenter tip for pristine 
graphene, which yields an equibiaxial breaking 
strength of 34.5 N/m (103 GPa, when expressed 
as a 3D value). The mechanical strength or peak 
stress that can be supported by graphene is a 
function of the loading configuration. For uni- 
axial stress in the armchair direction, the same 
model predicts a strength of 39.5 N/m (118 GPa), 
which is consistent with our previously reported 
value of 42 + 4 N/m for the same loading con- 
figuration (supplementary materials). With an iden- 
tical fracture load, LG graphene has an equivalent 
breaking strength to pristine graphene. The aver- 
age equibiaxial strength of SG graphene is only 
slightly smaller, 33 N/m (98.5 GPa). A similar 
value was obtained for SG membranes tested with 
AFM. These results demonstrate that polycrystal- 
line graphene with well-stitched grains can act as 
a large-area ultrastrong material. 

Because the stress decreases inversely with 
distance from the indenter tip, the stress under the 
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Fig. 3. TEM observation of grain boundaries and AFM nanoindentation on grain 


boundaries. (A and B) BF-TEM images of (A) suspended SG graphene film over a hole and 


(B) enlarged BF-TEM image of red-dashed area in (A). (C) False-color DF-TEM image. (D) SAED 
of the same region. The diffraction spots corresponding to each color of (C) are indicated in 


(D) with circles of different colors. (E) AFM topology image shows that arrays of PMMA residue 
adhere to grain boundaries. The grain boundaries and indentation point are indicated by 
dashed lines and the white arrow. (F) AFM indentation results show that fracture occurs at a 
slightly lower load when AFM tip indents on the grain boundary. Scale bars, 1 um; (B) 200 nm. 


Fig. 4. Crack propagation 
during nanoindentation. 
(A) False-color DF-TEM im- 
age of the suspended SG 
graphene film over a hole 
before indentation. The white 
arrow indicates the indenta- 
tion point. (B) BF-TEM image 
after indentation. The black- 
dashed lines indicate grain 
boundaries. (C) Enlarged BF- 
TEM image of the red-dashed 
area of (B). Scale bars, 1 um; 
(Q 200 nm. 
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tip at rupture does not necessarily correspond to 
the grain boundary strength. Therefore, we per- 
formed indentation tests directly on a few grain 
boundaries identified through TEM. SG films 
were transferred onto TEM grids with 2.5-11m holes 
by using a poly(methyl methacrylate) (PMMA) 
transfer technique (3, 7), followed by annealing 
in hydrogen and argon so as to remove the PMMA 
without reducing the strength of the films. The 
bright-field TEM (BF-TEM) image of Fig. 3A 
shows a suspended SG film, with adsorbates (like- 
ly PMMA residue) that decorate grain boundaries, 
as confirmed with higher-resolution imaging (Fig. 
3B) (3, 13); these adsorbates are not observed in 
LG films (fig. S10). The corresponding grain 
structure is illustrated in the DF-TEM map of Fig. 
3C. The adsorbates render the grain boundaries 
visible in AFM (Fig. 3E and fig. S11) but are also 
present at wrinkles, so that AFM imaging alone 
is not sufficient to identify grain boundaries. 
Adsorbates are not expected to affect the grain 
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boundary properties because of the very low stiff 
ness and strength of PMMA. 

The results of six indentation tests are shown 
in Fig. 3F, with the tip placed directly on asym- 
metric tilt grain boundaries near the center of the 
membrane. An additional test performed at the 
center of a grain away from grain boundaries (fig. 
S111) yielded fracture load similar to that of pris- 
tine graphene. The fracture loads at the grain 
boundaries are 20 to 40% smaller but still an 
order of magnitude larger than previously mea- 
sured (3, 5). The same multiscale analysis de- 
scribed above gives a range of equibiaxial stress 
of 30 to 33 N/m (90 to 99 GPa) for the strength of 
the grain boundaries, representing at most a 15% 
reduction from the intrinsic strength. These re- 
sults confirm that grain boundaries in graphene 
can achieve ultrahigh strength. 

Atomistic scale simulations of symmetric tilt 
grain boundaries predict that grain boundaries with 
large tilt angles can achieve near-intrinsic strength 
(above 30 N/m), but those with low tilt angles pos- 
sess a lower strength of 13 to 26 N/m, depending on 
the precise arrangement of defects (8, 9). The sim- 
ulated grain boundaries consist of periodically 
spaced pentagon-heptagon ring defects along 
straight grain boundaries. The simulations pre- 
dict rupture initiation at the bond joining the 
pentagonal and heptagonal (5-7) rings, and that 
decreasing its initial equilibrium length (smaller 
misfit “prestrain”) increases grain boundary 
strength (8, 9). 

The asymmetric tilt grain boundaries in the 
experiments, which cover a wide range of tilt 
angles (fig. S12 and table S3), consistently 
exhibited strength above 30 N/m, suggesting that 
the predicted variation in strength with tilt angle 
does not occur in these samples. The tortuous 
atomic structure of random (3) asymmetric grain 
boundaries is substantially more complex than 


that assumed for the simulations of symmetric 
grain boundaries (8, 9). The more complex energy- 
minimizing structure (/6) likely leads to a smaller 
misfit “prestrain” of the critical atomic bonds at 
in the 5-7 defects, thus explaining the ultrahigh 
strength (details are available in the supplemen- 
tary materials) (fig. S12 and table S3). 

In addition to well-stitched grain boundaries, we 
also occasionally observed boundaries in which the 
adjacent graphene grains overlap (50 nm in width) 
but do not covalently join (3, 4) (fig. S13). These 
boundaries were observed to be extremely weak, 
with no measurable force upon AFM indentation. 
Overlapped grain boundaries have been ob- 
served to possess higher conductance (4) than 
that of stitched boundaries but will result in much 
weaker films. 

To further elucidate the fracture behavior of 
graphene, AFM nanoindentation on SG mem- 
branes was performed to failure, and the ruptured 
films were observed with TEM. Indentation on a 
grain boundary (Fig. 4A, white arrow) initiates 
an intergranular crack (Fig. 4B and fig. S14) 
under the approximately equibiaxial stress state 
beneath the indenter tip, thus demonstrating the 
grain boundary to be somewhat weaker than 
graphene. The crack later kinks into the adjoining 
grains because of the more complex stress state. 
Contrary to the prediction or experimental ob- 
servation during electron irradiation (/3), the torn 
edges of the transgranular cracks have irregular 
saw-tooth shapes, as shown in the enlarged 
BF-TEM image of Fig. 4C and fig. S15. 

Our measurements reveal that the elastic stiff- 
ness and strength of CVD-graphene are compa- 
rable with those of pristine graphene, despite the 
existence of grain boundaries. Moreover, the strength 
of grain boundaries is much stronger than pre- 
viously measured, which is in agreement with the 
maximum values predicted in simulations. This 


study establishes CVD-graphene as a large-area, 
high-strength material for flexible electronics and 
strengthening components. 
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Unwinding of a Skyrmion Lattice by 
Magnetic Monopoles 


P. Milde,** D. KGhler,* J. Seidel,” L. M. Eng,* A. Bauer,? A. Chacon,’ J. Kindervater,? 
S. Mihlbauer,* C. Pfleiderer,? S. Buhrandt,> C. Schiitte,> A. Rosch? 


Skyrmion crystals are regular arrangements of magnetic whirls that exist in a wide range 

of chiral magnets. Because of their topology, they cannot be created or destroyed by smooth 
rearrangements of the direction of the local magnetization. Using magnetic force microscopy, 
we tracked the destruction of the skyrmion lattice on the surface of a bulk crystal of Fe;_,Co,Si (x = 0.5). 
Our study revealed that skyrmions vanish by a coalescence, forming elongated structures. Numerical 
simulations showed that changes of topology are controlled by singular magnetic point defects. 

They can be viewed as quantized magnetic monopoles and antimonopoles, which provide sources and 
sinks of one flux quantum of emergent magnetic flux, respectively. 


those properties of a system that remain 
unchanged under continuous (elastic) de- 
formations such as bending or stretching (/, 2). 
Because topologically stable structures cannot 


T* notion of topological stability refers to 
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easily be created and destroyed, they play an 
important role in both fundamental and ap- 
plied physics. An area in which topological 
stability is important are spin configurations in 
magnetic materials. Magnetic domain walls are 


examples of planar, two-dimensional topologi- 
cal defects. Various types of magnetic whirls 
form one-dimensional topological structures, 
and hedgehogs, where the magnetization points 
in all directions, are examples of pointlike 
(zero-dimensional) defects. A major challenge in 
systems exhibiting topological stability is to ex- 
perimentally observe the unwinding of topolog- 
ically stable configurations and to identify its 
mechanism. 

The recent discovery of skyrmion lattices in 
chiral magnets with B20 crystal structure (Fig. 1A) 
has attracted great interest, as it provides an ex- 
ample of lattice order composed of topologically 
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quantized magnetic whirls (3-8). A single skyrmion 
is a linelike structure oriented parallel to a small 
external magnetic field, where the magnetization 
winds once around the unit sphere in the plane 
perpendicular to the field. Skyrmion lattices are 
regular arrangements of skyrmion lines. They are 
ideally suited to explore the question of topolog- 
ical phase conversion experimentally. They occur 
in all B20 compounds with helimagnetic order 
comprising metallic, semiconducting, and insulating 
systems such as MnSi, Fe,_,Co,Si, and CusOSeO3, 
respectively. As the distance of skyrmions varies 
strongly among these systems, one may select 
compounds amenable to the experimental question 
of interest. In addition, skyrmion lattices in chiral 
magnets have been studied microscopically in 
great detail by means of neutron scattering (3, 4, 8) 
and transmission electron microscopy (TEM) 
(5, 6, 9, 10). All properties, including the magnetic 
phase diagram, are in excellent agreement with 
theory, providing a sound basis for studies of the 
topological unwinding. Beyond these fundamen- 


tal aspects, there is also great interest in skyrmions 
in chiral magnets as a new route toward spintronics 
applications (9, 77, 12). 

The complex magnetic texture of skyrmions 
causes the electron spin to pick up a Berry phase, 
which allows for an efficient coupling of currents 
to the magnetic structure (//, /2). This coupling 
may be elegantly described by associating to each 
skyrmion an artificial “emergent” magnetic field 
(12-14), which is, because of the topology of the 
skyrmion, quantized to one flux quantum per 
skyrmion. The corresponding forces on electrons 
can be observed directly in the Hall effect (72, 15, 16). 
As skyrmion lines have a one-to-one association 
with a quantized magnetic flux, their creation or 
destruction is naturally associated with quantized 
sources or sinks of emergent magnetic flux. 
These can be identified with “emergent magnetic 
monopoles.” Quantized magnetic monopoles 
were originally introduced as a hypothetical par- 
ticle by Dirac (/7) to explain the quantization of 
electric charge. Whereas magnetic monopoles have 
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Fig. 1. Phase diagram of Fe,_,Co,Si for x = 0.5 inferred from magnetization, susceptibility, 
and neutron scattering. The diagram comprises skyrmion-lattice (s), helimagnetic (h), conical (c), 
ferromagnetic (fm), and paramagnetic (pm) phases. (A) Typical spin configuration of a skyrmion lattice 
(from MC data). (B) Sketch of a magnetic configuration describing the merging of two skyrmions. At the 
merging point the magnetization vanishes at a singular point (arrow). This defect can be interpreted as an 
emergent magnetic antimonopole, which acts like the slider of a zipper connecting two skyrmion lines. (C) 
Phase diagram observed under zero-field cooling (zfc). The skyrmion lattice is confined to a small phase 
pocket (red) just below 7. The field scale corresponds to the externally applied field for the geometry of 
the sample studied by MFM. (D) Phase diagram observed under field cooling (fc). For field values in the 
range of the skyrmion lattice as observed under zfc, the skyrmion lattice phase persists under field cooling 
as a metastable state down to the lowest T (red shading). 
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so far not been found experimentally as elementary 
particles, the concept has been used to describe 
spin-flip excitations in so-called spin-ice (78, 19). 

Combining magnetic force microscopy (MFM), 
numerical calculations, and topological arguments, 
we study the transition of a skyrmion lattice in 
Fe;_,Co,Si (x = 0.5) to conventional magnetic 
order. Our central result is that the skyrmions 
unwind by means of hedgehog point defects, 
which can directly be interpreted as emergent 
magnetic monopoles and antimonopoles. Figure 
1B shows schematically how such a singular point 
defect merges two skyrmion lines like the slider 
of a zipper. 

For our study, we selected Fe,,.Co,Si (x = 
0.5) because the periodicity of the magnetic mod- 
ulations of ~90 nm for this composition is large 
as compared with the resolution of ~20 nm of the 
MFM (20). Figure 1, C and D, displays the phase 
diagram of Fe;_,Co,Si, inferred from magnetiza- 
tion, ac susceptibility, and small-angle neutron 
scattering in bulk samples (4, 20). Under zero- 
field cooling (zfc) (Fig. 1C) helimagnetic order 
(h) appears below the critical temperature, 7. ~ 
45 K, with a modulation vector parallel to (100). 
Well below 7., the helimagnetic order undergoes 
a spin-flop transition to conical order (c) at B., ~ 
30 mT with the modulation vector parallel to the 
magnetic field, followed by a transition to a spin- 
polarized state (fm) at B.. ~ 60 mT. For tem- 
peratures 7 just below 7, an additional phase (s) 
stabilizes, the skyrmion lattice. 

Under field cooling (ft) (i.e., cooling while 
keeping the applied field constant), the phase dia- 
gram (Fig. 1D) exhibits several important differ- 
ences with respect to zfc. First, for field values 
outside the range of the skyrmion lattice, there is 
only a paramagnetic to conical transition. Second, 
for field values in the range of the skyrmion 
lattice, the skyrmion lattice survives as a meta- 
stable state down to the lowest 7 with the same 
reversible phase boundaries near 7, as for zfc but 
irreversible phase boundaries well below 7.. 

This metastable skyrmion lattice state made it 
possible to take measurements at T << T., which 
was helpful in two ways. First, as the magnetic 
moment increases considerably toward low T, the 
contrast of the MFM data increases substantially, 
providing unambiguous information. Second, the 
topological stability of skyrmions relies on the 
fact that the modulus of the local magnetization 
is finite everywhere. Close to T., strong thermal 
fluctuations may in principle weaken the topo- 
logical stability, which is not the case for 7<< T., 
thereby exposing the generic mechanism of the 
topological unwinding. 

Typical MFM data for decreasing applied 
fields after initial field cooling in +20 mT to 10 K 
are summarized in Fig. 2 [see (20) for details]. 
Each row is composed of the real-space image, 
an enlarged section of the same image, and a fast 
Fourier transform (FFT) (see bottom of Fig. 2 for 
scales). The MFM measurements reveal a hex- 
agonally ordered pattern (Fig. 2, Al and B1) with 
one of the reciprocal lattice vectors approximate- 


www.sciencemag.org SCIENCE VOL 340 31 MAY 2013 


1077 


; REPORTS 


1078 


ly aligned along (100). Upon decreasing mag- 
netic field, first at some places on the surface, two 
neighboring skyrmions, visible as blue dots, co- 
alesce into one elongated pattern (Fig. 2, A2 and 
B2). Reducing the magnetic field causes the 
elongated structures to grow in length, reducing 
the number of skyrmions (Fig. 2, A3/B3 through 
A5/B5). Eventually a striped pattern forms with 
numerous defects, which is characteristic of a 
one-dimensional modulated state parallel to (100). 

To confirm our observations, we performed 
the following tests (20). First, the time constant of 
the metastable state is long as compared with the 
time needed to record each image (17 min); e.g., 
Fig. 2, A3 changed little after a wait of 15 hours. 
Second, using small-angle neutron scattering, we 
confirmed that the intensity pattern of the mag- 
netic order in the sample volume corresponds to 
the FFTs of the MFM data recorded at the sample 
surface [see (20) for details]. 

Our MFM data suggest a mechanism for the 
reduction in the number of skyrmions and there- 
fore the topological winding number at the sur- 
face: Skyrmions coalesce and form linelike 
structures. Two immediate (and closely connected) 
questions arise: (i) How and to what extent does 
the change in the magnetic structure on the sur- 
face reflect similar processes in the bulk? (ii) 
How can the merging of skyrmions be under- 
stood from a microscopic and topological point 
of view? To answer these questions, we performed 
a classical Monte Carlo (MC) simulation of 42 
42 x 30 spins coupled to their nearest neighbors by 
ferromagnetic exchange and Dzyaloshinksy- 
Moriya interactions. To track metastable behav- 
ior, we used a Metropolis algorithm based on 
local updates and also used micromagnetic sim- 
ulations, including the effects of thermal fluctua- 
tions (20). The MC calculation reproduces the 
equilibrium phase diagram and captures the meta- 
stable behavior, consistent with the micromag- 
netic simulations and our experiments. 

In our simulations, we followed a temperature 
and field protocol similar to that used in the ex- 
periments. First, we cooled the system at a fixed 
field crossing the skyrmion phase. Similar to ex- 
periment, the skyrmion phase survives down to 
the lowest temperatures. Second, at low temper- 
ature the field is reduced, permitting transverse 
thermal fluctuations of the skyrmion lines to grow 
until the skyrmions touch and merge. Snapshots 
of typical field configurations in the bulk are 
shown in Fig. 3A, where the pattern at the front of 
the simulated box shows marked similarities with 
the MFM data. 

Figure 3B shows how, on average, the density 
of skyrmions, measured by the winding number 
W, is reduced. For 7= 0.6 J = 0.65 T. [see (20) for 
other temperatures], a small density of skyrmions 
survives even at B = 0. During these sweeps, we 
did not obtain any field configurations typical for 
the conical phase (i.e., a phase with ordering 
vector parallel to the B field). Instead, we always 
obtained a strongly hysteretic transition to a helical 
phase driven by the merging of skyrmions, rem- 
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iniscent of our experiments (other types of tran- 
sition are, ¢.g., observed when increasing the field). 
Taken together, our numerical results therefore 
suggest that the structures seen in our MFM data 
reflect a similar transition in the bulk of the sam- 
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ple. However, a quantitative comparison of theory 
with experiment is beyond the scope of the work 
reported here, because the effects of disorder in 
Fe,_,Co,Si cannot be recovered from our numerical 
simulation of a clean system. 
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Fig. 2. Typical magnetic force microscopy data at the surface of Fe,_,Co,Si (x = 0.5). Blue (red) 
colors correspond to a magnetization pointing parallel (antiparallel) to the line of sight into (out of) the 
surface, respectively. Panels (A1) through (A5): Data recorded as a function of magnetic field after fc at 
+20 mT down to 7 = 10 K. Panel (A1) displays data immediately after fc. After the initial cool-down, the 
field was reduced at a fixed temperature of 10 K (A2 to A5). During this process, the skyrmions, visible as 
blue spots, merge and form elongated, linelike structures. The left inset shows a Fourier transformation of 
the real-space signal. Panels (B1) to (B5) enlarge the region marked by the black rectangle in panels (A1) 


to (A5). 


www.sciencemag.org 


To appreciate the physics of the merging 
of the skyrmions observed experimentally and 
numerically, we note that both the topological 
nature of the skyrmions and their interaction 
with electrons are best described (/2) in terms 
of the (fictitious) emergent electromagnetic fields 
(73, 14, 21) 

Poy eee Ae , 

BF = 3 Euan + (in x Ogn), 

Ef = hn - (Ojn x On) (1) 

where 7i(r, t) = M/|M| is the local orientation 
of the magnetization, 0; = 0/Or; and e€;, is the 
totally antisymmetric tensor. Taken together BF and 
Ef account for the Berry phase that the spin of a 
conduction electron accumulates when following 
the magnetic texture adiabatically. The exper- 
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imental consequences have been detected directly 
in terms of an additional (topological) contribu- 
tion to the Hall signal and an emergent electric 
field, providing evidence of the motion of the 
skyrmions (/2, 15, 16). 

As the integral of B°/h over a surface de- 
scribes the solid angle covered by 7, the emer- 
gent magnetic flux of each skyrmion is exactly 
given by one (negative) flux quantum [B°do = 
— iu = —@p [we use a convention, where the 
conduction electrons of the majority (minority) 
bands carry the charge 1/2 (—1/2), respectively 
(12). Therefore, the topologically quantized wind- 
ing number or, equivalently, the quantized mag- 
netic flux has to change when two skyrmions 
merge. Because of the topological nature of the 
winding number, this is in fact only possible by a 


surface 1 be 


surface 2 tei 


Fig. 3. Monte Carlo simulation for a system first field cooled at B = 0.16 J (BII[110]) down to T= 
0.6 J. [See (20) for other temperatures.] After the cool-down, the field is reduced at constant temperature. 
Below a critical field, skyrmions start to touch and merge. (A) Typical magnetic configurations shown by 
contour surfaces of equal magnetization in [110] direction for B = 0.16 J, B = 0.036 J, and B = 0. The 
arrows labeled MP and AMP point to a monopole and antimonopole, respectively. (B) Winding number W 
(or, equivalently, number of skyrmions) per area in units of the helical wavelength r¥ on the front and 
back surface of the simulated box computed while B is reduced. (C) Number of monopoles (MP) and 
antimonopoles (AMP) per volume in units of rp. The plots show averages over 15 cooling cycles; error bars 


denote standard deviations of the mean. 
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singular field configuration for which the local 
magnetization vanishes at a point in space. The 
implications for the topological properties may 
thereby be seen by integrating B® over a closed 
surface 0Q of the volume Q 


eC eC 2m 7S S 
$B do = J..vB dr = “Tel (Noni = N;,) 
= FD (2) 
Here N,, (N3.) is the number of ingoing (out- 


going) skyrmion lines, respectively. Hence, when 
two ingoing skyrmions merge, there must be a 
singular field configuration, a hedgehog defect 
with winding number +1, which creates one quan- 
tum of emergent magnetic flux. The point of 
coalescence therefore carries a quantized emergent 
magnetic charge; i.e., it is an “emergent magnetic 
monopole.” Similarly, when an ingoing single 
skyrmion line splits into two, an antimonopole 
with winding number —1 is located at the point of 
separation. Figure 1B shows schematically such 
an antimonopole; the location of a monopole 
(MP) is marked by an arrow in Fig. 3A. Mono- 
poles and antimonopoles are related by a time- 
reversal symmetry transformation, M — —M, 
followed by a rotation by m around an axis per- 
pendicular to the magnetic field. 

The merging of skyrmions at the surface of 
the crystal observed in our MFM experiment im- 
plies that one of two processes has taken place. 
Either the merging of the skyrmion lines has 
started in the bulk and the antimonopole, which 
zipped two skyrmion lines together, has moved 
through the surface. Or, when the merging of two 
skyrmion lines started at the surface, a monopole 
has entered the surface. As the line segments 
can be interpreted as elongated skyrmions, also 
the merging of the segments implies that an anti- 
monopole (monopole) has moved out of (into) 
the surface, respectively. 

Both our experiments and our numerical cal- 
culations suggest that the merging of skyrmions 
underlies the conversion of the skyrmion phase 
into the helical phase. The change of topology 
is thereby governed by the creation and motion 
of topological point defects, which we identify 
as emergent magnetic monopoles and antimono- 
poles. Figure 3C shows the density of separate 
(20) monopoles and antimonopoles during the 
field sweep. A comparison of Fig. 3, B and C, 
shows that the destruction of skyrmions at the 
surface is directly associated with the prolifera- 
tion of monopoles and antimonopoles [see also 
fig. S8]. We expect that the energy and dynamics 
of the monopoles govern the metastability (4, 22) 
of the skyrmion phase. Because of their singular 
core, monopoles are expected to pin much stronger 
to impurities in the sample, an effect not taken 
into account in our simulations. 

It is instructive to compare the emergent mag- 
netic monopoles discussed here with the mag- 
netic monopoles considered in spin ice (/8, 19). 
Monopoles in spin ice are sources of the “real” 
magnetic H-field, but their magnetic charge is not 
quantized and depends on microscopic details. 
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By contrast, the emergent monopoles that we 
identify here are sources of the emergent mag- 
netic field that follows Dirac’s quantization con- 
dition for monopoles (/7); i.e., they carry one 
quantum of emergent flux. Furthermore, in spin- 
ice at zero magnetic field, the monopoles are 
“deconfined”; i-e., it requires only a finite amount 
of energy to separate monopole and antimono- 
pole. In the skyrmion phase, the situation is dif- 
ferent (similar arguments apply to the helical 
phase): Deep in the skyrmion phase, it requires a 
finite amount of energy per length to zip two 
skyrmions together. Consequently, there is a lin- 
ear potential (i.e., a finite string tension) holding 
monopole and antimonopole together. Only dur- 
ing the conversion from one phase to the other, 
the string tension vanishes or becomes negative. 
In disordered materials, the string tension may be 
a random function that competes with potentials 
pinning the monopoles. 

An interesting open question is whether phases 
of deconfined emergent monopoles in chiral 
magnets exist, where monopoles and antimono- 
poles proliferate as independent entities. A candi- 
date for such a phase is the metallic state of MnSi 
at high pressure. Its properties differ markedly 
from those of conventional metals [the resistivity 
is proportional to 7*” over almost three decades 
in T (23)], with highly unconventional “partial” 


magnetic order on intermediate time and length 
scales (24) and an unconventional Hall signature 
(/5). Further experiments and theoretical studies 
are needed to study the connection of the partial 
order in MnSi with the emergent monopoles and 
the electronic properties in the non—Fermi liquid 
phase of MnSi. 
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Measurements of Energetic Particle 
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The Mars Science Laboratory spacecraft, containing the Curiosity rover, was launched to Mars on 
26 November 2011, and for most of the 253-day, 560-million-kilometer cruise to Mars, the 
Radiation Assessment Detector made detailed measurements of the energetic particle radiation 
environment inside the spacecraft. These data provide insights into the radiation hazards that would 
be associated with a human mission to Mars. We report measurements of the radiation dose, dose 
equivalent, and linear energy transfer spectra. The dose equivalent for even the shortest round-trip 
with current propulsion systems and comparable shielding is found to be 0.66 + 0.12 sievert. 


nderstanding the radiation environment 

| inside a spacecraft carrying humans to 

Mars or other deep space destinations 

is critical for planning future crewed missions. 
Without major advances in propulsion systems, 


a large share of the radiation exposure on such 
missions will be incurred during outbound and 
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return travel, when the spacecraft and its inhab- 
itants will be exposed to the radiation environ- 
ment in interplanetary space, shielded only by 
the spacecraft itself. Here we report measure- 
ments of the energetic particle radiation environ- 
ment inside the Mars Science Laboratory (MSL) 
during its cruise to Mars between 6 December 
2011 and 14 July 2012, with implications for fu- 
ture human Mars missions. 

Two forms of radiation pose potential health 
risks to astronauts in deep space. There is a chron- 
ic low-dose exposure to galactic cosmic rays 
(GCRs), and there is also the possibility of short- 
term exposures to the solar energetic particles 
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(SEPs) that are sporadically accelerated close to 
the Sun by solar flares and coronal mass ejections. 
GCRs tend to be highly energetic, highly pene- 
trating particles that are not stopped by the modest 
depths of shielding on a typical spacecraft. The 
distributions of the kinetic energy of GCRs are 
broad and vary according to the ion species and 
the phase of the solar cycle, with peaks near 
1000 MeV for protons and 500 to 600 MeV per 
nucleon for heavier ions, with tails extending to 
much higher energies. The flux of GCRs consists 
of about 85% protons, which are sparsely ioniz- 
ing (except at the very end of their ranges), and 
about 14% helium ions. The remainder of the 
flux consists of heavier ions referred to as “HZE 
particles” [high (H) atomic number (Z) and high 
energy (E)]. HZE particles are densely ionizing, 
producing biological effects that differ from those 
produced by sparsely ionizing radiation; there 
is considerable uncertainty about the effects of 
HZE particles on biological systems (/, 2). 

The SEPs of concern for astronaut safety 
are typically protons with kinetic energies up to 
a few hundred mega-electron volts. SEP events 
can produce very large fluxes of these particles, 
as well as helium and heavier ions. With the 
exceptions of extreme and rare SEP events, 
there is little enhanced flux at the higher energies 
(above 100 MeV per nucleon) typical of GCRs. 
The comparatively low energy of typical SEPs 
means that shielding is much more effective against 
SEPs than GCRs. 

Conventional risk assessment methods (/, 3—5) 
rely on measured distributions of kinetic energy 
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or linear energy transfer (LET) in water (in units 
of kilo—electron volts per micrometer). These 
spectra are integrated against the quality factors 
(Q’s) to obtain the dose equivalent (H) as de- 
fined by the International Commission on Ra- 
diological Protection (6). The dose equivalent is 
measured in sieverts (Sv) and has been related 
to lifetime cancer risk via long-term population 
studies (7). Additional details can be found in the 
supplementary materials. 

The Curiosity rover, with the Radiation As- 
sessment Detector (RAD) mounted to its top deck, 
was inside the MSL spacecraft on its trip to Mars, 
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sitting immediately beneath the Descent Stage 
and above the heat shield. Because the spacecraft 
and internal structures provided shielding against 
the deep space radiation environment, the RAD 
measured a mix of primary and secondary par- 
ticles. (Secondary particles are those produced by 
nuclear or electromagnetic interactions of primary 
ions as they traverse the spacecraft mass.) A 
simplified model of the mass around the RAD 
was created at the Jet Propulsion Laboratory, work- 
ing from a highly detailed model of the spacecraft 
(8). Shielding around the instrument was com- 
plex, with most of the solid angle lightly shielded 
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Fig. 1. Dose rates recorded in a silicon detector (black circles) and in a plastic scintillator (red 
circles) during the MSL’s cruise to Mars. The observed SEP events are indicated by numerals. The data 
have been averaged over 15.5-min intervals. Occasional brief gaps can be seen, usually caused by the 
RAD having been powered off so that other activities could take place on the spacecraft without inter- 
ference. For a given incident flux, the dose rate in silicon is generally less than the dose rate in plastic 
because of the comparatively large ionization potential of silicon. 
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Fig. 2. The LET spectrum in water measured using charged particle coincidence events. Energy 
deposited in silicon has been converted to LET. in water. Below about 50 keV/m, the plotting symbols 


are larger than the error bars. 
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(areal density <10 g/cm?) and the remainder broadly 
distributed over a range of depths up to about 
80 g/ cm’. The greatest depths correspond to tra- 
jectories through a fuel tank filled with hydrazine. 
Shielding distributions on the International Space 
Station are similarly complex (9). In contrast, the 
Apollo spacecraft were lightly shielded, averaging 
4.5 g/cm? of aluminum (/0). A human crew on a 
Mars mission would, like the RAD, be exposed to 
a mixture of primary and secondary radiation, but 
details of the shielding distribution would prob- 
ably be quite different. In particular, a spacecraft 
carrying humans would probably be designed 
to have a more homogeneous mass distribution, 
with few if any light-shielded paths into the in- 
habited areas. 

The RAD instrument has been described in 
detail in the literature (/7, /2). A brief overview 
is given in the supplementary materials. Two 
concurrent measurements of dose are made, 
one using a silicon detector and the other using 
a plastic scintillator. The latter has a composi- 
tion similar to that of human tissue, and it is also 
more sensitive to neutrons than are the silicon de- 
tectors. The two dose-rate measurements obtained 
during the cruise are shown in Fig. 1 (/3). These 
measurements differ from previously reported 
data in that they were obtained in deep space un- 
der complex shielding, whereas particle detectors 
in other deep space missions have measured the 
unshielded radiation environment. 

Measurements were taken from 6 December 
2011 to 14 July 2012 (/4). For solar quiet times, 
the GCR dose rate in silicon averaged 332 + 
23 uGy/day after subtraction of the background 
from Curiosity’s radioisotope thermoelectric gen- 
erator (/3). The error on this result is dominated 
by uncertainty in the calibration of the silicon 
detector. To compare with the measured dose rate 
in plastic and with model predictions, the dose 
rate in silicon can be converted, approximately, 
to dose rate in water. A constant factor was ap- 
plied to relate energy lost per unit of path length 
(dE/dx) in silicon to LET in water (/5). After 
conversion, the dose rate in water as measured 
in the silicon detector was found to be 481 + 
80 wwGy/day, which is identical within uncertain- 
ties to the 461 + 92 wGy/day measured in the 
plastic scintillator. 

We used data from the final month of the 
cruise (a time period during which no SEP events 
were observed) to obtain the charged-particle LET 
distribution for GCR primary particles and GCR- 
induced secondary particles. We used the result- 
ing spectrum, after conversion of the deposited 
energy in silicon to LET in water (Fig. 2), to 
obtain the average quality factor <Q>, which was 
found to be 3.82 + 0.25. The uncertainty on <O> 
is approximately equal parts statistical (low count 
rate at high LET) and systematic (calibration, 
conversion from silicon to tissue, and subtraction of 
the radioisotope thermoelectric generator background 
radiation). Combining the tissue dose rate mea- 
surement with <O> yields a GCR dose equivalent 
rate of 1.84 + 0.33 mSv/day. It is important to 
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Fig. 3. RAD dose rates as measured by the B detector (black lines) and GOES-11 proton data 
(gray lines) for three solar events observed during the cruise. The GOES-11 P7 channel measures 
protons in the energy range from 165 to 500 MeV; those data have been arbitrarily scaled so that they 
have approximately the same quiet-time level as the RAD data. 


note that the measurements depended strongly 
on heliospheric conditions during the cruise (i.e., 
near solar maximum), and on the shielding that 
surrounded the RAD. 

Five SEP events were observed during the 
cruise to Mars: two from 23 to 29 January, two 
from 7 to 15 March, and one on 17 May (Fig. 2). 
The events during 7 to 11 March were the largest 
in terms of dose, but the May event is of interest 
as well because it was a ground-level event at Earth, 
and the RAD data indicate that the spectrum was 
relatively hard. For this event, unlike the other four 
SEP events, the dose rate recorded in the plastic 
scintillator exceeded that recorded in the silicon 
detectors, even though the plastic scintillator is 
more shielded than the silicon detectors (/6). 

We compare RAD SEP event data to data 
from the Geostationary Operational Environmen- 
tal Satellite (7-20) GOES-11 in Fig. 3. These 
comparisons may provide useful tests of models 
of SEP propagation through the inner heliosphere. 
In all cases, the dose rate peaks in the RAD data 
occur at later times than the flux peaks in the 
GOES data. The 7 to 9 March SEP event had 
three distinct peaks seen by the RAD on 8 and 
9 March. The MSL and Earth were nominally 
connected on the same Parker spiral line (2/) at 
this time, and the MSL was only about 1.2 astro- 
nomical units from the Sun, but particles arrived 
at the MSL nearly a full day later than they were 
seen near Earth. A possible reason for this delay 
is that GOES-P7 and the RAD are sensitive to 
different parts of the initial SEP spectrum, which 
may behave quite differently over time during an 
event. In addition, there were at least two events 
[flares and fast coronal mass ejections (CMEs)] 
seen in the 7 to 9 March time frame. The first one, 
on 7 March 0036 UT, was directed at —60° lon- 
gitude (east of the central meridian as viewed from 
Earth) and the second on 9 March 0425 UT at 
0° longitude (directly at Earth). The differences 
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in arrival times may have been caused by a dis- 
turbed Parker spiral from the first CME, so it is 
possible that the MSL and Earth (GOES) were 
not actually on or near the same field line during 
the event. 

The SEP fluxes observed by the RAD are 
dominantly protons, for which Q(Z) (LZ, linear en- 
ergy transfer) is approximately 1. Dose and dose 
equivalent rates are therefore approximately equal. 
Table 1 shows the dose equivalent totals recorded 
during the three periods of measurable solar ac- 
tivity. SEP doses were obtained by subtracting 
average GCR dose rates from the total for the days 
shown. The SEP total from these five events is 
roughly equal to 15 days of GCR dose equivalent 
during low solar activity. 

The MSL’s cruise to Mars took 253 days. 
Treating the measured GCR dose equivalent rate 
of 1.84 mSv/day as constant during the entire 
cruise, the estimated total dose equivalent from 
both GCR and SEP events is 466 + 84 mSv, with 
about 5.4% attributable to SEPs. This result is a 
strong function both of the time in the solar cy- 
cle during which the cruise occurred and of the 
shielding surrounding the RAD during the 
cruise. The crew exposures during a human mis- 
sion to (and returning from) Mars would no doubt 
differ from our findings because of these effects. 
Actual exposures will of course depend on the 
details of the habitat shielding and the unpre- 
dictable nature of large SEP events. Even so, our 
results are representative of a trip to Mars under 
conditions of low to moderate solar activity. 

Comparisons between the measured and cal- 
culated dose and dose equivalent rates are not 
sufficient to fully validate or benchmark transport 
models, but they are highly relevant here because 
astronaut exposure calculations are made with 
transport models. It is therefore essential that such 
models be as accurate as possible, and accuracy 
is obtained through an iterative process of model 


Table 1. Dose equivalents measured during 
SEP events. 


Time period Integrated dose 
(2012) equivalent (mSv) 
23 to 29 January 4.0 
7 to 15 March 19.5 
17 to 18 May 1.2 
Cruise SEP Total 24.7 


development and comparisons with data. Agree- 
ment with measured dose or dose equivalent rates 
is a necessary part of model validation. Although 
there has been considerable previous work in this 
area, including recent articles by Schwadron et al. 
(22) and McKenna-Lawlor et al. (23), for present 
purposes we restrict the discussion to the models 
used most recently by the NASA Johnson Space 
Center (JSC), which is responsible for assessing 
crew exposures (24, 25). The tools used by JSC 
include the Badhwar-O’Neill GCR model (26, 27), 
the HZETRN transport model (25-30), and pion 
transport codes (3/—33). See the supplementary 
materials for details. 

Four transport calculations are shown in 
Table 2, corresponding to permutations of the 
JSC model (two versions of the GCR flux model, 
with pion production simulated or not). These 
are point values at the RAD position. In all cases, 
dose and dose equivalent were calculated at sev- 
eral depths of shielding, and polynomials were 
fit piecewise. The polynomials were integrated 
against the shielding distribution to obtain the 
results shown here. It is clear that pions and their 
decay products make an important difference 
in the calculated dose under shielding, whereas 
their contribution to dose equivalent is relatively 
small, owing to the low LET of the particles. The 
RAD cruise measurements are shown in the last 
row of Table 2. For dose rate, the Badhwar-O’Neill 
1996 (BO-96) results with and without pions 
bracket the central value of the measurement, 
both falling within the range of experimental 
uncertainty. The dose rate predicted by BO-11 
with pions included is close to the central value 
of the data, whereas BO-11 without pions gives 
a result outside the 1o error bar. Predicted dose 
equivalent rates are comparatively insensitive to 
these model variations, and all are slightly smaller 
than the measurement but within the lo error on 
the data. The calculated <Q> values are more 
sensitive to variations in the model than are the 
dose equivalent rates, and only the BO-96 model 
without pions and the BO-11 model with pions 
give values that are within the lo experimental 
uncertainty. 

Some of the dose and dose equivalent from 
GCRs during the cruise is attributable to neutral 
particles (neutrons and y rays). A full analysis 
of these contributions requires the application 
of an inversion technique (34), but a simplified 
first-order estimate shows that the measured neu- 
tral particle contribution was less than 10% of 
the total. 
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Table 2. Measured and calculated GCR dose and dose equivalent rates. 


GCR flux Pions/included Dose rate Dose equivalent rate 

model in transport (uGy/day) (mSv/day) al 

Badhwar-O’Neill 1996 No 0.429 1.69 3.95 
Yes 0.507 1.70 3.53 

Badhwar-O'Neill 2011 No 0.366 1.72 4.69 
Yes 0.445 1.80 4.05 

RAD measurement 0.481 + 0.080 1.84 + 0.33 3.82 + 0.25 


Several space agencies (the Russian Space 
Agency, European Space Agency, and Canadian 
Space Agency) have adopted the conventional 
risk assessment approach outlined above, using 
1 Sv as the astronaut career exposure limit. Be- 
cause of the large biological uncertainties for 
HZE particles, NASA has proposed a different 
approach, defining Q’s in terms of Z and E, and 
estimates an uncertainty distribution for the Q 
for different particle types (24). This approach 
defines astronaut career limits that correspond 
to a 3% risk of exposure-induced death for cancer 
and protects against uncertainties in models using 
the upper 95% confidence interval. Central esti- 
mates of dose limits for 30- to 60-year-old never- 
smokers range from 600 to 1000 mSv and 800 to 
1200 mSv for females and males, respectively 
(35). Dose limits at the 95% confidence levels are 
about one-third the central values. 

NASA’s “Design Reference” Mars mission 
(36) posits various cruise durations, with a typical 
figure of about 180 days. The MSL’s cruise was 
longer than this, but with a human crew aboard, 
it is likely that faster transits would be selected. 
Assuming a 180-day one-way duration, similar 
shielding, and a similar time in the solar cycle, 
we would expect a crew to receive 331 + 54 mSv 
from GCRs, with additional (variable) contribu- 
tions from SEP events. The return trip would 
double this, to 662 + 108 mSv in total. It is clear 
that the exposure from the cruise phases alone 
is a large fraction of (and in some cases greater 
than) currently accepted astronaut career limits. 
Time spent on the surface of Mars might add con- 
siderably to the total dose equivalent, depending 
on shielding conditions and the duration of the 
stay. This is problematic for both central estimates 
of cancer risks and NASA’s uncertainty analysis, 
which imposes a safety factor until confidence 
intervals are significantly narrowed. In this con- 
text, the data provided by the RAD experiment 
contribute to the reduction of uncertainties by 
facilitating the improvement of transport models. 

The models used by NASA predict that the 
GCR dose rate is a very weak function of shielding 
depth (up to 100 g/cm? of aluminum) because 
of the high energies of the ions and the copious 
production of secondary particles. The dose equiv- 
alent shows more sensitivity to shielding depth, 
due to the increasing fraction of heavy ions that 
fragment as depth increases. Given that the shield- 
ing provided by the MSL spacecraft is probably 
not drastically different from that of the Crew 
Exploration Vehicle (CEV) or other future vehi- 
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cles, at least in an average sense, and the modest 
attenuation of GCR dose with increasing shield- 
ing depths, the GCR dose and dose equivalent 
rates reported here are probably realistic for the 
expected exposures during future human deep 
space missions of similar duration. Although only 
5% of the contribution to the measured dose 
equivalent during the MSL’s cruise to Mars was 
from SEP events, it should be remembered that 
the frequency and intensity of such events are 
highly variable and that the current cycle appears 
to be producing a very weak solar maximum (37). 
The SEP contribution could conceivably be many 
times larger in a different time frame. 
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An Adaptive Response to Uncertainty 
Generates Positive and Negative 


Contrast Effects 


John M. McNamara,” Tim W. Fawcett,?* Alasdair |. Houston? 


Successive contrast effects, in which behavior is dependent on whether conditions are currently 
better or worse than they were before, are a striking illustration of the fact that animals 
evaluate the world in relative terms. Existing explanations for these effects are based on descriptive 
models of psychological and physiological processes, but little attention has been paid to the 
factors promoting their evolution. Using a simple and general optimality model, we show that 
contrast effects can result from an adaptive response to uncertainty in a changing, unpredictable 
world. A wide range of patterns of environmental change will select for sensitivity to past 
conditions, generating positive and negative contrast effects. Our analysis reveals the importance 
of incorporating uncertainty and environmental stochasticity into models of adaptive behavior. 


umans, like many other animals, make 
He judgments about the world. When 

making decisions, we compare options 
to other available options (/—3) or to situations 
that we have experienced in the past (4). We care 
about whether we are better or worse off than 
before, or than we might otherwise be, had things 
turned out differently (5, 6). 

A striking illustration of this is successive 
contrast effects, in which the conditions an in- 
dividual has experienced in the recent past alter 
its response to current conditions (4). Crespi (7) 
demonstrated successive contrast effects in labo- 
ratory rats trained to approach a food reward at 
the end of a runway apparatus. The rats ran faster 
toward the reward if they had previously been 
trained with smaller reward amounts, as com- 
pared to control rats that had experienced the cur- 
rent, larger amount throughout the experiment—a 
positive contrast effect (8). Conversely, rats pre- 
viously trained with an even larger reward showed 
a slower approach speed than controls when 
shifted to the same reward amount (7)—a neg- 
ative contrast effect (8). Similar effects have been 
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found in bees (9), starlings (/0), and a variety of 
mammals (//—/4), including humans. 
Successive contrast effects pose a serious chal- 
lenge to accounts of rational choice in which past 
states or alternative current states are irrelevant (6). 
So far, all theories to explain the existence of 
contrast effects have been based on descriptive 
models of psychological or physiological pro- 
cesses (4, 7, /5—/8), largely ignoring their evo- 
lutionary basis [though see (/0)]. Here we address 
this gap, by developing a simple and general 
optimality model to show that both positive and 
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negative successive contrast effects can arise from 
an adaptive response to uncertainty about how 
conditions change over time. 

We consider the behavior of an animal that 
has to perform work to gain rewards. If the ani- 
mal expends effort u it gains rewards at rate yu, 
where y represents the profitability of the reward 
source. To reflect the physiological costs of work 
(79) or risks of exposure to predators (20), we 
assume that the animal’s mortality rate, M(w), is 
an increasing, accelerating function of effort. This 
imposes a trade-off, for which there is some unique 
level of effort that maximizes the animal’s expected 
lifetime reward (2/). 

In the scenario we consider, the profitability 
of the reward source fluctuates stochastically over 
time. The animal can perceive its current prof- 
itability y but does not know when this will change. 
While still alive, we assume that it pays some 
small maintenance costs (6 energy units per unit 
of time) and invests all remaining gains directly 
into reproduction, so its rate of reproductive suc- 
cess is yu — b. Under these conditions, to max- 
imize its fitness (expected lifetime reproductive 
output), the animal must maximize yu — M(u)V; 
where wu is its current effort and V its expected 
future reproductive success (22). Broadly, we can 
interpret y as the value of work and Vas the value 
of the animal’s life (2/). Differentiating this ex- 
pression with respect to uw, we see that the opti- 
mal effort, u*, that maximizes fitness will 
satisfy M '(u*) = y/V. Because M is an increasing, 


Fig. 1. Examples of the 
stochastic fluctuations in 
the profitability of a re- 
ward source over time in 
a (A) good or (B) bad hab- 
itat. The animal can per- 
ceive whether the source is 
currently rich (profitability 
y,) or poor (y,) but does not 
know when the next switch 
will occur, nor which habitat 
itis in. Parameters: tc, = 100, 
tcp = 10, tg, = 10, tgp = 100. 
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accelerating function of u, this implies that u* 
increases with y and decreases with V- 

The dependence of optimal current behavior 
(u*) on future expectations (V) is well established 
(23), but the importance of past conditions has 
been largely overlooked. In most natural environ- 
ments, conditions are in some way correlated over 
time, so the animal’s future expectations are in- 
fluenced by its previous experiences. If it has ex- 
perienced a sustained period of rich rewards in 
the recent past, future conditions will tend to be 
favorable, and therefore its future expectations 
are high relative to the current value of work. 
Conversely, if its past experiences have been poor, 
future conditions are more likely to be unfavor- 
able, and its future expectations are low. So for 
two animals currently experiencing the same prof- 
itability y, the one that has previously experienced 
a poor situation has a lower V and therefore 
should work harder. This represents a successive 
contrast effect and arises from an optimal re- 


Fig. 2. The optimal, experience-dependent 
strategy for effort (u*) in a stochastical- 


sponse to uncertainty about the pattern of envi- 
ronmental change. 

To investigate the factors affecting the mag- 
nitude of contrast effects, we consider a specific 
example in which the animal is living in one of 
two possible habitats, good (G) or bad (B), but 
does not know which. The probability that the 
habitat is good is p. This is equivalent to assum- 
ing that the animal has evolved in a spatially 
heterogeneous world in which a fraction p of 
habitats are good and the remainder are bad, and 
offspring disperse randomly across habitats (24). 
In both habitat types, the environment fluctuates 
stochastically between rich (r) and poor (p) con- 
ditions, yielding gain rates y,u and y,u respec- 
tively (where y, > Yp). Changes from rich to poor 
conditions and vice versa occur at constant rates, 
which differ between the two habitats (Fig. 1). In 
good habitats, periods of rich conditions last for a 
mean time fg, whereas poor periods last for a 
mean time fp; the corresponding mean times 
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in bad habitats are fy, and fg. Conditions are 
rich more often and poor less often in good 
habitats (Fig. 1A) than in bad habitats (Fig. 1B); 
i.€., tor/ (tor + tcp) > ter / (ter + tgp). The animal 
starts exploiting the source at birth and continues 
until it dies. As in the general model, mortality is 
an increasing, accelerating function of effort. 
Here we assume that the instantaneous rate of mor- 
tality is given by M(u) = mo + mv? (with mo = 
0.002 and m, = 0.05 in the results below). Using 
a Bayesian approach (25) we identify how the 
animal’s effort should depend on current con- 
ditions (rich or poor) and the conditions experi- 
enced in the past (22). 

We examine how this optimal strategy, adapted 
to the stochastically changing world shown in 
Fig. 1, would perform in the standard laboratory 
experiments used to demonstrate contrast effects. 
This represents taking the animal out of the en- 
vironment to which it is adapted and placing it in 
an unfamiliar habitat (the experimental setting) 
where it does not know the conditions. In this 
novel situation, the optimal strategy generates 
clear positive and negative contrast effects (Fig. 2). 
If the animal was initially exposed to poor con- 
ditions but then conditions become rich, it should 
work harder than if conditions have been rich all 
along (Fig. 2A). Conversely, if it was used to rich 
conditions but then conditions worsen, it should 
work less hard than if conditions have always 
been poor (Fig. 2B). This is because the animal’s 
history of experiences determines its belief that 
the new habitat is good, and hence its expec- 
tations of the future. If it is used to poor conditions 
then it should capitalize by working harder when 
conditions improve, because it expects poor con- 
ditions to return soon; in comparison, a control 
animal exposed to rich conditions all along has 
less urgency. If it is used to rich conditions but 
then conditions worsen, it should hunker down, 
because it expects rich conditions to return soon; 
a control animal continuously exposed to poor 
conditions cannot afford to do so. In agreement 
with empirical data (4), the predicted effects are 
transient, with optimal effort converging to that of 
the controls as conditions after the shift continue 
(Fig. 2), because this reverses the animal’s belief 
about the habitat type. 

These contrast effects are driven by uncer- 
tainty about the pattern of environmental change. 
When the animal knows for certain either that the 
new habitat is good (p = 1) or that it is bad (p = 0), 
we predict no contrast effects (Fig. 3); optimal 
effort then depends only on whether the reward 
source is currently rich or poor and the (known) 
rate of change. This is also true when good and bad 
habitats are identical (see fig. S1, for tGp = fer = 
100), which again implies that the animal knows 
the environmental conditions with complete cer- 
tainty. In these situations, past experiences pro- 
vide no new information and hence do not modify 
future expectations. Contrast effects should emerge 
whenever there is some uncertainty (i.e., when 0 < 
p < 1), in which case the animal’s past experi- 
ences provide information about which habitat it 
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is in. Adjusting effort levels in response to this 
information confers a selective advantage over a 
strategy that never updates its belief about the 
world (fig. S2). This evolutionary explanation com- 
plements an earlier suggestion that, in an uncer- 
tain environment, individuals should invest more 
in exploring alternative options when the current 
food source unexpectedly deteriorates, as com- 
pared to individuals used to experiencing poor 
foraging returns (/0). Both of these explanations 
highlight the significance of uncertainty for suc- 
cessive contrast effects. 

The magnitude of the contrast effects pre- 
dicted by our model depends strongly on the pat- 
tern of temporal fluctuations to which the animal 
is adapted (Fig. 3 and fig. S1). The effects should 
be strongest in animals adapted to rapidly changing 
conditions (fig. S1), because this enhances the 
differential allocation of effort between favorable 
and unfavorable periods (26). Positive contrast 
effects should be strongest when bad habitats are 
likely (low p) and rich periods in such habitats 
are very brief (low f,; Fig. 3, solid and dashed 
lines), because then it is particularly important 
to take advantage of a higher gain rate while it 
lasts. Negative contrast effects should be strongest 
when good habitats are likely (high p) and poor 
periods in such habitats are very brief (low tgp; 
Fig. 3, solid and dotted lines), because the ani- 
mal can easily afford to reduce its effort until rich 
conditions return. Consequently, positive contrast 
should dominate negative contrast when bad hab- 
itats have very brief rich periods and good habitats 
have long poor periods (low fg, high tgp; Fig. 3, 
dashed lines), whereas negative contrast should 
dominate positive contrast when good habitats 
have very brief poor periods and bad habitats 
have long rich periods (low gp, high ¢p,; Fig. 3, 
dotted lines). 

Empirical evidence suggests that negative con- 
trast effects are stronger or more prevalent than 
positive contrast effects (4). According to our mod- 
el, this bias is expected in animals adapted to 
relatively benign environments that are favorable 
most of the time, with only brief exposures to 
unfavorable conditions (e.g., high f3, combined 
with low éGp; Fig. 3 and fig. S1). Arguably, such a 
pattern characterizes the typical laboratory con- 
ditions experienced by domesticated strains of 
rats and other animals commonly used in studies 
of instrumental learning. 

Models of adaptive behavior have tradition- 
ally considered complex rules for responding in 
highly simplified, static environments, but it is 
becoming clear that to understand many features 
of behavior, we need to consider how phenotypes 
evolve in more complex, dynamic environments 
that better reflect the natural world (27). Sto- 
chastic fluctuations in conditions are a potentially 
important component of selection in real environ- 
ments (24, 26). For fluctuations over a much longer 
time scale than the animal’s lifetime, optimal be- 
havior could be fully programmed (epi-)genetically. 
Here we have focused on more rapid changes, 
which select for individual plasticity. If it is un- 
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certain about the pattern of fluctuations, an ani- 
mal’s experience of past conditions may alter its 
future expectations and hence its optimal behavior. 
Our evolutionary approach has potential ap- 
plications to cognitive psychology, by offering a 
novel perspective on people’s hedonic responses 
to a change in their circumstances (28). The mod- 
el could be extended in several interesting direc- 
tions. One would be to allow habitat type, which 
we assumed is stable over the animal’s lifetime, 
to change with some small probability. Another 
would be to let decisions depend on energy re- 
serves, which we ignored here to isolate the effect 
of past experiences on optimal behavior. Individ- 
uals with critically low reserves may not have the 
option to rest when conditions are poor (26). 
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Functional Extinction of Birds 
Drives Rapid Evolutionary 
Changes in Seed Size 


Mauro Galetti,’* Roger Guevara,” Marina C. Cortes,” Rodrigo Fadini,? Sandro Von Matter,* 
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Local extinctions have cascading effects on ecosystem functions, yet little is known about the potential 
for the rapid evolutionary change of species in human-modified scenarios. We show that the 
functional extinction of large-gape seed dispersers in the Brazilian Atlantic forest is associated with the 
consistent reduction of the seed size of a keystone palm species. Among 22 palm populations, areas 
deprived of large avian frugivores for several decades present smaller seeds than nondefaunated 
forests, with negative consequences for palm regeneration. Coalescence and phenotypic selection 
models indicate that seed size reduction most likely occurred within the past 100 years, associated with 
human-driven fragmentation. The fast-paced defaunation of large vertebrates is most likely causing 
unprecedented changes in the evolutionary trajectories and community composition of tropical forests. 


igh rates of human-driven extinctions, es- 
Hee to be 100-fold greater than those 
of natural extinctions (/), have pervasive 
impacts on the functions and services of ecosys- 


tems (2, 3). Despite efforts to understand the 
immediate and cascading effects of the loss of 
species on the persistence of other species and 
biotic interactions (4, 5), little is known about 
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Fig. 1. Geographic variation in seed size in palm populations. Seed size 
(seed diameter in millimeters, x axis) frequency distributions (number of 
seeds, y axis) of 22 palm (E. edulis) populations in the remnants of the 
Brazilian Atlantic forest (green areas). The numbers refer to the population 
codes given in table $1. The red dots (codes 1 to 7) are defaunated sites, 
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the potential for rapid evolutionary changes in 
human-modified ecosystems. Rapid evolutionary 
changes have been shown in short-lived orga- 
nisms, such as commercially exploited species, 
microorganisms, and perennial plants (6-8). 

Here we document the rapid evolutionary re- 
duction of seed size in a keystone palm, Euterpe 
edulis, across the Atlantic rainforest, subsequent 
to human-driven extensive deforestation (9). Seed 
size is an important trait, positively correlated 
with seed reserve amount, germination success, 
seedling size, and reproductive output (/0). At 
the same time, seed size constrains the range of 
effective seed dispersers, because only large- 
bodied frugivores have gapes wide enough to 
consume large seeds (//). 


8 10 12 14 8 10 12 14 


where large-gape frugivores are locally extinct or rare; the black dots are 
nondefaunated sites (codes 8 to 22). The vertical red line marks the upper 
size limit for successful dispersal by small birds (gape size 12 mm) in the 
absence of large-gape frugivores. The solid bars in the histograms indicate 
seed sizes below this threshold. 


Populations of large-gape frugivorous birds 
are directly threatened by hunting. They require 
extensive tracts of forest and hence are prone to 
local extinction in smaller forest fragments (/2). 
These frugivores disperse several plant species 
over distances of several kilometers and eat large- 
seeded species that cannot be swallowed and 
successfully dispersed by smaller birds, which 
often are the only species resilient to large-scale 
disturbances (/3). The functional loss of large 
frugivores, either by local extinction or by the se- 
vere reduction of population abundance (func- 
tional extinction), can affect natural regeneration 
by impairing the main components of the dispersal 
process: escape, colonization, and recruitment 
(/4). With the functional extinction of large-gape 
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birds, the fruit and seed traits of large-seeded 
plants might experience evolutionary changes 
within ecological time scales. We can expect shifts 
of the phenotypic selection regime and changes 
in the outcomes of selection after a substantial 
fraction of the selective agents (i.e., the large- 
gape frugivores) has been extirpated from their 
natural habitats. 

We compared the seed size distributions of 22 
palm populations in nondefaunated and defau- 
nated areas of the two main physiognomic types 
(semideciduous and rainforest) in the Brazilian 
Atlantic forest (/5) (Fig. 1). We found a consist- 
ent trend toward smaller seeds in defaunated for- 
ests (Fig. 1 and table S1). We classified an area 
as “defaunated” when large-gape frugivorous 
birds (those with a mean gape width >12 mm), 
such as toucans (Ramphastos dicolorus and 
R. vitelinus), toucanets (Pteroglossus aracari, 
P. bailloni, and Selenidera maculirostris), and 
large cotingas (Procnias nudicollis, Carpornis 
spp., and Pyroderus scutatus), are locally or func- 
tionally extinct (i.e., present with a very low abun- 
dance) (/5) (fig. S1 and table S3). 

Toucans and large cotingas are the major 
large seed dispersers in nondefaunated forests 
(the average local richness of large frugivorous 
birds that disperse palm fruits is 11.9 species; 
tables S2 and S3). Small-gape thrushes are the 
most common seed dispersers remaining in de- 
faunated forests, and the species richness of large 
frugivorous birds is reduced to 5.1 species (ta- 
bles S2 and S3). A few mammal species very 
infrequently act as legitimate seed dispersers (ta- 
ble S2). Small-gape frugivores (<12 mm) rep- 
resent 38% of the species in nondefaunated areas 
but 49% in defaunated forests (table $2). This 
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Fig. 2. Patterns of fruit preferences by frugivorous birds and conse- 
quences for phenotypic selection on seed size. (A) Seed size variation of 
the palm (E. edulis) fruits consumed by birds (from left to right): white-necked 
thrush (Ta, Turdus albicollis), bare-throated bellbird (Pn, Procnias nudicollis), 
rusty-margined guan (Ps, Penelope superciliaris), spot-billed toucanet and saffron 
toucanet (Sm, Selenidera maculirostris; Pb, Pteroglossus bailloni), and red- 
breasted and channel toucan (Rd, Ramphastos dicolorus; Rv, R. vitellinus). The 
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distribution, in turn, results in 33% of the fruits 
being consumed by small-gape frugivores in 
nondefaunated areas and up to 98% of the fruits 
in the defaunated areas (table S4). Thus, there is 
ample potential for small-gape frugivores to have 
significant selective pressures on fruit traits in de- 
faunated areas. 

A nested analysis of variance revealed that 
variation in seed size is minimally accounted for 
by the forest physiognomic type (3.7%). In con- 
trast, the defaunation status within each forest 
type accounted for more than 33.9% of the var- 
iance in seed size, with 0.1% accounted for by 
differences among sites. Most of the total variance 
in seed size (44.9%) was associated with individ- 
ual palms within each site, with intra-individual 
variation (among-year variations and/or position- 
al variation within the infructescence) represent- 
ing 17.4% (overall nested analysis, Fj, 9195) = 
909.8, P < 0.0001). These results demonstrate 
the marked geographic patterns in seed size 
potentially related to the local selective regime 
(the fruit selection process) driven by frugivores 
according to the defaunation status, with ample 
among-individual trait variance for natural se- 
lection to operate. Many environmental factors 
can influence seed size. Thus, we modeled seed 
size as a function of defaunation status and 13 
other environmental variables, including cli- 
mate, soil fertility, relief complexity, and forest 
cover (table $5). Although biotic variables 
failed to explain the variation in seed size, the 
model including defaunation status nested with- 
in forest type yielded the best fit to the observed 
data (table S5) (75). These results show that lo- 
cal variation in seed size is unrelated to any of 
the abiotic predictors or landscape variables but 
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consistently relates to the defaunation status of 
each site. 

The seeds of E. edulis are not successfully 
dispersed either when the fruits fall beneath 
the plant or when birds drop the fruits with the 
seeds still within the pulp. Seeds that remain with 
pulp are less likely to germinate (/6), and fruits 
deposited beneath their parent palm usually ex- 
perience high density-dependent mortality (/7) 
(fig. S2E). The seeds dispersed by birds (def- 
ecated or regurgitated) collected in the field and 
from experiments with captive birds revealed 
that different bird species disperse seeds of dif- 
ferent sizes [generalized linear model (GLM) 
X61 = 94.1, P< 0.001; Fig. 2A]. The seeds dis- 
persed by thrushes were consistently <12 mm 
in diameter, whereas large-gape birds, mainly 
toucans, dispersed a broader range of seed sizes 
(Fig. 2A). To corroborate these findings of fruit 
size selection with bird fruit choice, we esti- 
mated the probability of seed dispersal by birds 
as a function of seed size by recording the diam- 
eter of successfully dispersed seeds (regurgitated) 
and nondispersed seeds (fruits with beak marks) 
at four pristine and three defaunated sites. The 
dispersal probability was near zero for seeds 
>12 mm at all defaunated sites, which is signif- 
icantly lower than the estimated probability for 
nondefaunated sites [binomial generalized ad- 
ditive model (GAM) 111,20] = 40.3, P < 0.001; 
Fig. 2B]. Seeds wider than 12 mm represent ap- 
proximately 32% of the overall seeds produced 
by £. edulis populations in nondefaunated for- 
ests. Our data show that defaunated areas have 
lost this large size range of the phenotypic seed 
size variation (Fig. 1), suggesting directional se- 
lection for reduced seed size of E. edulis at 
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boxes include the mean (horizontal black line), + 1 SE (gray box), the 95% 
confidence interval (vertical lines), and outlier values (circles). (B) The probability 
of the dispersal of palm seeds as a function of seed diameter in defaunated forest 
sites (orange), where large-gape frugivorous birds are functionally extinct, and in 
nondefaunated forests (blue) [see (25) for the trends in local areas; fig. $3]. The 
vertical lines in the rugged plot indicate the individual seed sizes of undispersed 
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defaunated sites that contrasts with the stabiliz- 
ing selection observed in nondefaunated sites 
(Fig. 2B and fig. $3). 

Given that resilient small-gape frugivores 
(thrushes) only successfully disperse small seeds 
(<12 mm), we tested the potential of such dif- 
ferential selection to generate the observed strik- 
ing reductions in the seed size of E. edulis over 
time in defaunated areas (Fig. 1, panels | to 7). 
We used a simple evolutionary model based on 
the breeder’s equation (/8) to estimate the num- 
ber of generations of selection on seed size needed 
to result in such a size difference between non- 
defaunated and defaunated forests (/9, 20). Our 
simulations indicate that such an evolutionary 
change in the seed size of E. edulis populations 
would be possible in less than 100 years after a 
disturbance event (such as defaunation due to 
hunting or fragmentation) causing the functional 
loss of large frugivores (Fig. 3). Our estimates 
highlight the fact that a period of <75 years after 
a severe defaunation would be sufficient to cause 
the observed seed size reduction in palm popu- 
lations in defaunated areas (Fig. 1). The docu- 
mented extensive forest conversion to agriculture 
(mainly coffee) in semideciduous defaunated for- 
ests dates back to the 1800s (2/, 22), which agrees 
with the results of our phenotypic selection mod- 


Fig. 3. Simulated pheno- 
typic trends in seed size 
after loss of major frugi- 
vores. Expected trajecto- 
ries over time, estimated 
from the phenotypic se- i 
lection model, of the seed L 
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el and indicates that the observed changes in seed 
size of E. edulis could have evolved very recent- 
ly in relation to the remnant frugivore fauna 
(fig. S4). Thus, we argue that defaunation could 
have triggered the rapid evolutionary change of 
a phenotypic plant trait, resulting in a consistent 
size reduction of seeds in defaunated Atlantic 
forests. 

From an ecological perspective, the reduction 
of seed size may have several negative conse- 
quences for plant recruitment and population 
dynamics (23). In E. edulis, it results in reduc- 
tions in the total, shoot, and root biomasses of 
l-year-old seedlings (24, 25). Our experiments 
indicate that the seed size reduction most likely 
resulted in the significantly increased vulnera- 
bility of E. edulis recalcitrant seeds to desiccation 
and decreased seedling size in both semide- 
ciduous forest and rainforest defaunated areas 
(15). Thus, seed size reduction may increase 
seed mortality in drier conditions and result in 
smaller seedlings, thereby tending to reduce the 
average fitness of the population. If regenera- 
tion becomes critically dependent on small seeds 
in defaunated areas, extended and intensified 
periods of drought induced by ongoing climate 
change, as predicted by climate models for South 
America (26), may be particularly harmful to the 
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seedling establishment of this threatened palm 
species. 

The seed size reduction documented here 
may be a generalized phenomenon in human- 
modified ecosystems where large frugivores that 
act as seed dispersers have been extinct for a 
long time. We thus foresee pervasive ecological 
and evolutionary effects of widespread vertebrate 
defaunation in tropical ecosystems. In particular, 
the rapid current defaunation in tropical forests 
will most likely result in unprecedented shifts of 
selection regimes on key life-history traits and in 
their evolutionary trajectories. 
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Tracking Individuals Shows Spatial 
Fidelity Is a Key Regulator of Ant 


Social Organization 


Danielle P. Mersch,?* Alessandro Crespi,” Laurent Keller?* 


Ants live in organized societies with a marked division of labor among workers, but little is known about 
how this division of labor is generated. We used a tracking system to continuously monitor individually 
tagged workers in six colonies of the ant Camponotus fellah over 41 days. Network analyses of more 
than 9 million interactions revealed three distinct groups that differ in behavioral repertoires. Each 
group represents a functional behavioral unit with workers moving from one group to the next as they 
age. The rate of interactions was much higher within groups than between groups. The precise 
information on spatial and temporal distribution of all individuals allowed us to calculate the expected 
rates of within- and between-group interactions. These values suggest that the network of interaction 
within colonies is primarily mediated by age-induced changes in the spatial location of workers. 


nt colonies, with their complex and ef- 
Aten social organization, have long 

fascinated humans (/). Essential to their 
ecological success are high levels of cooperation 
and sophisticated division of labor. Although work- 
ers must perform a multitude of tasks such as 
foraging, nest construction, and brood rearing, it 
has become clear that there is no central control 
of how work is allocated among individuals. 
Therefore, workers must allocate themselves to 
tasks in a self-organized manner following sim- 
ple behavioral rules that incorporate local stimu- 
li received directly from the environment and 
from interactions with other workers (2-4). 
Despite extensive work on division of labor in 
social insects (/, 3, 5—7), the connection between 
individual task specialization and the social net- 
work remains unknown. Another important, yet 
little studied aspect of social organization is spa- 
tial organization. In honeybees, workers change 
tasks over the course of their lifetime, starting as 
nurses in the nest and generally ending as for- 
agers outside (2, 8, 9). This suggests that the rate 
of interactions between group members may be 
affected by the task performed and its associated 
localization in the colony. In our experiment, we 
used an automated video tracking system based 
on fiducial identification labels to track all indi- 
viduals in six colonies of the ant Camponotus 


fellah and to identify individual interactions and 


patterns of social organization (movie S1). 
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All colonies were established from a single queen 
collected after a mating flight. The experiment started 
when queens were 4 years old, out of a maximum 
life span of 26 years (/0). We determined the age of 
all workers (122 to 192 per colony) by weekly 
color-coding all newly eclosed workers more than 
60 weeks before the experiment began. A month 
before the start of the experiment, we individually 
marked all ants with a distinct barcode-like matrix 
(//), enabling individual identification (12). Colo- 
nies were kept in a constantly dark nest chamber that 
was connected by a tunnel to a foraging chamber 
exposed to daily light-dark cycles (fig. S1). The 
temperature, humidity, light, and food supply were 
computer-controlled, and both chambers were 
filmed from above with high-resolution monochrome 
cameras operating under infrared light (fig. S1) 
(12). We recorded the position and orientation of all 
individuals twice per second to reconstruct spa- 
tial movement and infer all social interactions 
occurring over the 41 days of the experiment. 
A pair of ants was considered to interact when 
the front end of one ant was located within the 
trapezoidal shape representing the other ant (fig. 
S4) (/2). The data set we obtained consisted of a 
total of 2,433,250,580 ant positions and 9,363,100 
social interactions (movies S2 and S3). 

We used this data set to first investigate 
whether workers organize themselves into cohe- 
sive social groups by using the Infomap commu- 
nity detection algorithm (/3). To facilitate data 
analysis, we split the 41 experimental days into 
four periods of 11, 10, 10, and 10 days. In each of 
these periods, we identified pairs of interacting 
ants. Analyses on the daily interaction networks 
of the first 11 days (see supplementary text) re- 
vealed two robust groups to which the same set 
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of workers was affiliated on almost all days. The 
first group always comprised the queen and 41 + 
12% of the workers (percentage + SD across the 
six colonies) (Fig. 1A), whereas the second group 
represented 31 + 11% of the colony’s workforce. 
Depending on days and colonies, we also iden- 
tified zero to five other groups of workers. A vi- 
sual analysis of the daily networks of interactions 
suggested that workers affiliated with the two ro- 
bust groups on only a few days may form a third 
group with less marked within-group preferential 
interactions. These workers represented 28 + 4% 
of the colony’s workforce and were consistently 
located between the two other groups in the net- 
work (Fig. 1A and figs. S6 to S10). An additional 
analysis of the interaction frequencies (supple- 
mentary text) confirmed that workers of the third 
group interacted significantly more with mem- 
bers of their group than with workers of the other 
two groups. Together, these results indicate that 
colonies of C. fellah are structured in three inter- 
connected social groups and that these groups 
differ in their interaction patterns. 

Workers from the three social groups ex- 
hibited distinct behavioral signatures (Fig. 2). 
Workers of the first group performed most of 
the interactions with the queen [Kruskal-Wallis 
(KW): x? = 514.05, P< 10 '°'] and visits to the 
brood. By contrast, workers from the second 
group performed most (87.3 + 18.6%) of the 
foraging trips, whereas workers from the third 
group exhibited a significantly higher propensity 
to visit the rubbish pile. For simplicity, we here- 
after refer to these three groups as nurses, foragers, 
and cleaners. Comparison of the normalized age 
of workers revealed an age-based division of la- 
bor. Nurses were younger than cleaners who, in 
turn, were younger than foragers (KW: x? = 108.7, 
P < 10 *) (fig. S11). However, in all colonies, 
there was great overlap among the three groups, 
with some nurses being older and some foragers 
being younger than the workers’ average age. 
Despite a wide distribution in worker body size 
(6 to 16 mm), no consistent size difference exists 
between workers of the three groups (fig. $12). 

Our data also allowed us to track temporal 
changes among the three behavioral groups by 
performing community detection analyses on the 
three subsequent 10-day periods of the experi- 
mental data (Fig. 3). Workers exhibited a pre- 
ferred behavioral trajectory, moving from nursing 
to cleaning to foraging as they age. The most 
common transition was from cleaner to forager 
(supplementary text). Such age-related behavioral 
transitions have been documented in honeybees, 
in which young bees nurse the brood, then move 
on to perform various other in-hive tasks and 
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finally become foraging bees (8, 9). In ants, age 
polyethism is also believed to exist, but this is 
generally based on indirect evidence [reviewed in 
(J), but see (/4) and supplementary text], with the 
notable exception of one study of Lasius niger, 
where individual marking of 40 workers revealed 
a progressive increase of the proportion of foragers 
over time, but where only 50% of the workers 
exhibited a behavioral age-related transition (/5). 
Our data further emphasize that age-related be- 
havioral maturation is a slow and noisy process in 
ants with important individual variation. 

There were differences among the three groups 
in the frequency of within-group interactions. In 
particular, the relative within-group interaction 
frequency of cleaners was 2.1 times lower than 
that of nurses and foragers (KW: x7 = 270.6, P< 


10 °4), indicating that cleaners’ group cohesion 
is less pronounced. This pattern was confirmed 
by an analysis considering the time required for 
a worker to interact with 80% of its nestmates 
(supplementary text). The observed social group 
structure and increased within-group interactions 
could stem from either a propensity of individ- 
uals to preferentially interact with members of 
their group or from differences in the spatial dis- 
tribution of the different groups. We therefore 
used spatial grid representations (heat maps) to 
determine the spatial distribution of workers of 
each of the three groups over the first 11 days 
of observation. The heat maps revealed marked 
differences between nurses, cleaners, and forag- 
ers, which occupied distinct spatial locations in 
the nest area (Fig. 4A and figs. S13A to SI7A). 
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Fig. 1. Colonies are organized in several interconnected social groups 
within which workers interact frequently. (A) Social networks of colony 
five on days 1, 3, 5, 7, and 9. Edge width is proportional to the number of 
interactions between pairs of nodes. The darkness of edges is proportional to 
the average duration of interactions. The network is laid out with the spring 
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Nurses stayed near the brood and foragers near 
the nest entrance, whereas cleaners occupied the 
remaining nest areas, which suggests that, in ad- 
dition to cleaning, they might also patrol the nest. 

Similar heat maps for the location of social 
interactions within and between each of the three 
groups revealed that most of the within-group 
interactions occurred in the spatial area most used 
by individuals ofa given group, whereas between- 
group interactions preferentially occurred at the 
intersection of the spatial distribution of the pairs 
of groups considered (Fig. 4B and figs. S13B to 
S17B). To test whether the social structure and 
network of interaction might arise solely as a 
consequence of task-related spatial segregation 
of workers, we estimated for each worker the 
expected frequency of interactions within and 
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embedded layout from Cytoscape (19). (B) Observed (obs) and theoretically 
predicted interaction frequencies within- and between-groups of nurses, 
cleaners, and foragers. Theoretical predictions are based on random (rand) 
interactions among all ants. P values were from Kruskal-Wallis tests with 
post-hoc comparisons and Bonferroni corrections for multiple testing. 
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Fig. 2. Behavioral specialization of the three social groups (nurses, 
cleaners, and foragers). Specialization in (A) nursing, (B) cleaning, and (C) 
foraging is shown (estimated by the number of visits to the nest entrance, 


between groups by taking into account the observed 
between-group spatial segregation (72), Accounting 
for the spatial distribution led to a greatly improved 
match between the expected and observed rates of 
interaction compared with when spatial distribution 
was not considered (KW: y= 1188.7, P< 10%). 
Importantly, there were no significant differences 
between the expected and observed rates of within- 
and between-group interactions for each of the 
three groups (KW: x? = 1.4, P= 0.23) (Fig. 4C), 
indicating that spatial fidelity and strong spatial 
assortment of individuals of each of the three 
groups are the primary mechanisms underlying 
strong preference for within-group interactions. 

The strong link between spatial and social 
structure further indicates that groups with a more 
diffuse spatial structure should also have a weaker 
social group structure. This is exactly what we 
observed for the cleaners, who have both a more 
diffuse spatial structure than the two other groups 
and a lower within-group interaction rate. Similar 
spatial-social correlations have been observed in 
reef sharks and bottlenose dolphins, which both 
form communities that are spatially segregated. 
However, in contrast to ants, sharks and dolphins 
actively reinforce their communities by engaging 
in more interactions with group members than are 
expected from the spatial structure (/6, 17). 

The presence of spatial and social structure can 
limit the speed of information flow (/8). To quantify 
the rate of information flow within and between 
groups, we selected 162 random ants (9 per group 
and colony) as information carriers and calculated a 
maximum rate of information flow, assuming that 
all interactions lead to information transfer (/2). The 
analysis shows that as many as 89 + 14% of the ants 
in the colony can receive the information within 
1 hour, independently of who is the information 
carrier, thereby indicating that information might 
circulate rapidly. The role of social structure was 
reflected by a faster spread within than between 
groups when the information was emitted by nurses 
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which were strongly correlated with the number of foraging trips). P values 
represent comparisons between adjacent groups and were from Kruskal-Wallis 
tests with post-hoc comparisons and Bonferroni corrections for multiple testing. 
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Fig. 3. Behavioral trajectories of workers over the 41 days of the experiments. Workers tend to move 
from nursing to nest cleaning to foraging. (A) Social group affiliations of each worker for each 11- or 10-day 
interval. Blue, affiliation to the nurse group; green, cleaning group; orange, foraging group. Workers that 
disappeared because they died or lost their tag are indicated in white. (B) Frequencies of group changes for 
workers of each group (N, nurses; C, cleaners; F, foragers). P values were from Kruskal-Wallis tests with post- 
hoc comparisons and Bonferroni corrections for multiple testing. NS indicates nonsignificant differences. 


and foragers (nurses: Wald test = 32.7, P< 10 ’; 
foragers: Wald test = 18.7, P< 10 *) (fig. S18, A 
and C). However, this was not the case when clean- 
ers were the information carriers (Wald test = 0.84, 
P=0.36) (fig. S18B), most likely because they are 
spatially and topologically in the middle between 
nurses and foragers (by contrast, nurses and 
foragers have only cleaners as their neighbors). 
Thus, although social and spatial structure limit 
information flow, the extent to which the limits 
are experienced by the colony depends on who 
carries the information. These results suggest that 
spatial structure might function as a regulating 
mechanism for information flow, division of labor, 
and colony homeostasis. 

Our tracking system allowed us to precisely 
assess a network of interaction within colonies 
and uncover the existence of three groups of 


workers that preferentially interact with individ- 
uals of their group and exhibit different behavioral 
repertoires. The higher-than-expected interaction 
rate within groups was due to strong differences in 
the spatial location among individuals of the three 
groups, highlighting spatial fidelity as a key regu- 
lator of network interactions and the spread of in- 
formation within ant colonies. 
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Mechanisms of Age-Dependent 
Response to Winter Temperature 
in Perennial Flowering of Arabis alpina 
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Perennial plants live for more than 1 year and flower only after an extended vegetative phase. We used 
Arabis alpina, a perennial relative of annual Arabidopsis thaliana, to study how increasing age and 
exposure to winter cold (vernalization) coordinate to establish competence to flower. We show that the 
APETALAZ transcription factor, a target of microRNA miR172, prevents flowering before vernalization. 
Additionally, miR156 levels decline as A. alpina ages, causing increased production of SPL (SQUAMOSA 
PROMOTER BINDING PROTEIN LIKE) transcription factors and ensuring that flowering occurs in 
response to cold. The age at which plants respond to vernalization can be altered by manipulating 
miR156 levels. Although miR156 and miR172 levels are uncoupled in A. alpina, miR156 
abundance represents the timer controlling age-dependent flowering responses to cold. 


years and flower each year. To maintain 

resources and sustain multiple flowering 
cycles, they tightly control the extent and dura- 
tion of flowering. In particular, perennials flower 
only when they reach a certain age and then are 
described as competent to flower (/). Environ- 
mental signals induce flowering of older plants, 
whereas younger plants remain vegetative under 
the same conditions. Other age-dependent devel- 
opmental processes, such as the transition from 
juvenile to adult vegetative phase, are regulated 
by microRNAs miR156 and miR172 (2, 3). As 
plants age, the abundance of miR156 declines 
while miR172 levels increase (4—6), and these 
opposing effects are mechanistically coupled 
in Arabidopsis thaliana (6). In addition, miR156 
and miR172 respectively repress or promote the 
transition from vegetative growth to flowering 
(2). In A. thaliana, the targets of miR156 are 
the mRNAs of 11 genes encoding SQUAMOSA 
PROMOTER BINDING PROTEIN LIKE (SPL) 
transcription factors (7-9), whereas miR172 reg- 
ulates six members of the APETALA2 (AP2) tran- 
scription factor family (/0-/2). Involvement of 
miR156 and miR172 in regulating age-related 
competence to flower is difficult to test in the 
model annual species A. thaliana because it re- 
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sponds to environmental cues to induce flower- 
ing soon after germination (/3, /4). Mutants in 
SPL genes are less sensitive to inductive photo- 
periods, but how this is related to age-dependent 
flowering is unclear (/5). We studied these processes 
in the model perennial Arabis alpina accession 
Pajares that flowers only if exposed to winter cold 
(vernalization) when at least 5 weeks old (/6). 

To identify genes that regulate flowering and 
perennial traits, we first screened a mutagen- 
ized population of A. alpina (17). The perpetual 
flowering 2-1 (pep2-1) mutant flowered without 
vernalization and showed perpetual flowering 
(Fig. 1, A and B). These phenotypes were de- 
scribed previously for pep/-/, which is caused 
by a mutation in the 4. alpina ortholog of the 
A. thaliana FLOWERING LOCUS C (FLC) gene 
(17). The pep2-1 mutation is not allelic to pep/-/ 
(Fig. 1C), and using whole-genome sequencing 
as well as genetic linkage analysis, we showed 
that the pep2-/ phenotype is caused by an amino 
acid substitution in the DNA binding domain of 
A. alpina APETALA2 (AaAP2) (fig. SIA) (78). 
Based on conservation of synteny of flanking 
regions, PEP2 is the ortholog of A. thaliana AP2 
(fig. S1B). The AP2 transcription factor represses 
flowering and confers floral organ identity in 
A. thaliana (19, 20), and pep2-1 shows similar 
floral defects (/8) (fig. S1C). Additional muta- 
genesis screens for enhancers of pep/-/ identi- 
fied six mutants carrying nonsynonymous changes 
in AaAP2 (Fig. 1D, pep2-2 to pep2-7) (18). These 
pep2 pepl-1 double mutants flowered earlier 
than pep1-/ (Fig. 1, E and F, and fig. SID) and 
showed floral phenotypes similar to that of 
pep2-1 (Fig. 1, G and H), supporting the idea 
that the pep2-] phenotype is due to the mutation 
in AaAP2, Although AP2 delays flowering of 
A. thaliana, it was not previously reported to 
confer a vernalization requirement (/9). 

We examined whether PEP2 acts in the same 
molecular pathway as PEP1. PEP7 mRNA levels 


were lower in 2-week-old pep2-/ seedlings com- 
pared to wild type, whereas PEP2 mRNA lev- 
els were not reduced in pep/-/ mutants (Fig. 2A). 
PEP1 represses flowering through the 4. alpina 
SOCI ortholog (AaSOC1) (16), which is a pro- 
moter of flowering in A. thaliana (21, 22). AaSOCI 
mRNA levels were approximately twice as high 
in pep2-] seedlings compared to wild type (Fig. 
2A). Therefore, PEP2 likely confers a vernaliza- 
tion requirement in A. alpina in part by increas- 
ing transcription of PEP]. However, PEP2 must 
also delay flowering by other means because 
pep1-I and pep2 mutations have additive effects 
on flowering time (Fig. 1, E and F, and fig. S1, 
D to F). PEP2 mRNA levels did not change 
during prolonged exposure to cold (fig. S2A) or 
as plants aged and became sensitive to vernal- 
ization (Fig. 2, B to D). 

AP? activity is regulated by miR172, and in 
several species the abundance of this miRNA 
increases as plants age (4, 5, 10, 23, 24). PEP2 
mRNA also contains a binding site for miR172 
(Fig. 1D and fig. S2B). During vegetative growth, 
miR172 levels did not change, either in A. alpina 
apices (Fig. 2B) or in young plants exposed to 
cold for several weeks (Fig. 2E). By contrast, 
the abundance of miR172 increased during cold 
treatment of older plants that flowered in re- 
sponse to vernalization (Fig. 2E). This increase 
occurred during flower development, recognized 
by higher expression of A. alpina LEAFY (Fig. 
2E) (/6). In the inflorescence meristem, miR172 
and PEP2 showed complementary spatial expres- 
sion patterns, with miR172 accumulating main- 
ly in the center and PEP2 mRNA in the lateral 
floral primordia (Fig. 2, F and G), as described in 
A. thaliana (10, 23). Thus, miR172 and PEP2 ap- 
pear to have conserved roles in flower develop- 
ment of A. alpina but do not contribute to the 
age-dependent initiation of flowering. 

To identify genes that confer age-dependent 
sensitivity to vernalization, we compared glob- 
al gene expression patterns between apices of 
2-week-old and 8-week-old A. alpina plants 
(25) (table S1). Expression of several genes en- 
coding SPL transcription factors was increased 
in apices of older plants (table S2). In A. alpina, 
15 genes show high sequence similarity and con- 
served synteny to the A. thaliana SPL genes (fig. 
S3 and table S3), and these fell into three major 
groups on the basis of their temporal expression 
patterns (Fig. 3A). The first of these groups com- 
prised six AaSPL genes that were more highly 
expressed in apices of older plants that flower in 
response to vernalization. 

All of the AaSPL genes up-regulated in apices 
of older A. alpina plants before or during vernal- 
ization contained miR156 binding sites (Fig. 3A). 
Therefore, we tested the abundance of miR156 at 
the shoot apex and found that it declined as plants 
aged, similarly to other species (Fig. 3, B to D). 
Trough levels of miR156 occurred about 5 weeks 
after germination, around the time A. alpina plants 
acquired sensitivity to vernalization (/6). These 
results suggested that at the main shoot apex, 
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reduction in miR156 accumulation to trough lev- 
els sets the age at which plants become sensitive 
to vernalization. Axillary branches attain the 
ability to respond to vernalization independently 
of the main shoot apex, and this also correlates 
with a reduction in miR156 levels in the axillary 
shoot apices (fig. S4). 


Fig. 1. PEP2 regulates flowering in response to 
vernalization and is the A. alpina ortholog of 
APETALAZ2. (A) The pep2-1 mutant flowers without 
vernalization. WT, wild-type; bar, 9 cm. (B) The pep2- 
1 mutant flowers perpetually. (C) The pep2-1 and pep1- 
1 mutations are not allelic. Flowering time in long days 
of pep1-1, pep2-1, and F1 plants derived from crossing 
the mutants. NF, never flowers. (D) Mutations in the A. 
alpina ortholog of APETALA 2 (AaAP2) in pep2 mutants. 
The pep2-1 allele (red) is in wild type whereas pep2-2 to 
pep2-7 (blue) are in pep1-1 mutant. (E to H) Mutations 
in PEP2 enhance the early flowering of pep1-1 mutants, 
and the double mutants show floral homeotic conver- 
sion. The pep1-1 and pep2-2 pep1-1 mutants 10 weeks 
after germination (E); flowering time in long days (F). 
Flower phenotype of pep1-1 (G) and pep2-2 pep1-1 (H). 
Error bars in (C) and (F) indicate standard deviation. 


Fig. 2. PEP2 and miR172 expression patterns 
and the effect of pep2-1 on PEP1 mRNA. (A) 
PEP1, PEP2, and AaSOC1 mRNA levels in 2-week- 
old pep2-1 (black), wild-type (white), and pep1-1 
(gray) seedlings. (B) miR172 (blue) and PEP2 
mRNA (purple) levels in apices of plants growing 
in long days (LDs). (C and D) In situ hybridization of 
PEP2 mRNA in the main shoot apices of 2-week-old 
(©) and 8-week-old (D) plants. Bar, 100 um. (E) 
miR172 abundance in apices of plants exposed to 
cold. Plants grown for 2 weeks (white) or 8 weeks 
(black) before exposure to cold. AaLEAFY mRNA 
level (red line) in 8-week-old plants exposed to cold. 
(F and G) In situ hybridization of inflorescence 
meristems. miR172 locked nucleic acid (LNA) probe 
(F) and PEP2 mRNA probe (G) hybridized to sub- 
sequent sections of the same apex. Plants were grown 
for 8 weeks, exposed to cold for 12 weeks, and re- 
turned to long days for 2 weeks. Bar, 100 um. Error 
bars in (A), (B), and (E) indicate standard deviation. 


Exposure of young plants to cold increases 
the age at which they become able to flower in 
response to vernalization. Two-week-old A. alpina 
seedlings exposed for more than a year to cold 
continued to grow but did not flower when re- 
tumed to warm conditions (fig. S5, A and B). The 
high miR156 abundance observed in 2-week- 
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old plants remained stably high throughout the 
cold treatment and declined only after a return 
to warm conditions (Fig. 3E). This reduction of 
miR156 accumulation after cold also correlated 
with flowering when plants were exposed to 
a second vernalization (Fig. 3E). The levels of 
miR156 declined slowly in young plants exposed 
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to cold for up to 60 weeks, suggesting that cold 
strongly delays but does not prevent the reduction 
in miR156 abundance (Fig. 3F). A similar but less 
extreme effect was observed in A. thaliana (fig. 
S5C). In addition, Aa pre-miR156a showed the 
same pattern of accumulation in cold-exposed 


Fig. 3. miR156 abundance is reduced as A. 
alpina plants age and is regulated by cold. 
(A) Heat map of microarray hybridization levels 
for SPL genes of A. alpina in apices of 2-week-old 
(2wo) and 8-week-old (8wo) plants before and 
after 4 weeks at 4°C (+ cold) (25). SPL genes are 
placed in three groups (|, II, Ill) according to their 
expression pattern. Asterisks: A. alpina genes 
containing a miR156 binding site. (B) miR156 
abundance in the main shoot apex of plants 
growing in long days (LDs). (C and D) In situ 
hybridization of miR156 (LNA probe) in apices of 
2-week-old (C) and 8-week-old (D) plants growing 
in long days. Bar, 100 ,um. (E) miR156 abundance 
in apices of 2-week-old (white) or 8-week-old 
(black) plants exposed to cold. Time points as in 
Fig. 2E. Asterisk: miR156 levels in plants able to 
flower after a second cold treatment. (F) miR156 
abundance in apices of 2-week-old plants exposed 
to cold for up to 60 weeks (white) compared to 
levels in 8-week-old plants (black). Error bars in 
(B), (E), and (F) indicate standard deviation. 


WT #6 #14 #17 
35S:MIR156b 


% flowering plants ™ 
a 
o 


plants as mature miR156 (fig. SSD), suggesting 
that transcription of M/R156 genes is regulated by 
cold. Thus, young A. alpina plants do not respond 
to vemalization, even if maintained in cold for 
more than a year, because reduction of M/R156 
transcription is delayed. 
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The importance of reduced miR156 levels for 
the age-related response to vernalization was tested 
with the use of transgenic plants. First, M/R/56b 
was expressed at high levels from the heterol- 
ogous CaMV35S promoter in wild-type plants. 
Eight-week-old overexpressor plants failed to 
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Fig. 4. Reducing miR156 levels accelerates age-related sensitivity to 
vernalization. (A and B) Flowering of plants overexpressing M/R156b. 
Cuttings from T1 plants grown for 8 weeks, exposed to cold for 12 weeks, 
and transferred back to warm long days for 5 weeks (n = 20). WT, wild 
type; NF, never flowers. (C) PEP1 mRNA expression is down-regulated by 
vernalization in 355:M/R156b plants. PEP1 mRNA levels after 8 weeks in 
long days (black) and after transfer to cold for 12 weeks (white). Plants as 


in (A). (D) Wild-type plants overexpressing M/M156 do not flower in long 
days. (E and F) Wild-type plants overexpressing M/M156 flower when 
exposed to cold 3 weeks after germination. n = 12. Bars, 12 cm. (G) 
mRNA levels of AaSPL genes 3 weeks after germination in WT and 
transgenic plants overexpressing M/IM156. AaSPL genes targeted (red) 
and not targeted (blue) by miR156. Error bars in (A) and (C) indicate 
standard deviation. 
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flower when exposed to 12 weeks of vernaliza- 
tion, in contrast to control wild-type plants (Fig. 4, 
A and B). Although these transgenic plants did 
not flower, PEP] mRNA level was reduced dur- 
ing vernalization (Fig. 4C), so miR156 does not 
prevent flowering in response to vernalization 
through PEP]. The effect of miR156 overexpres- 
sion was also tested in the pep/-/ mutant, which 
flowers in long days without vernalization and 
shows a temporal pattern of miR156 accumula- 
tion similar to that of the wild type (fig. S6A) 
(17). Expression of MIR156b from the CaMV35S 
promoter in pep/-/ strongly delayed flowering 
when the transgenic plants were grown under 
long days (fig. S6B). By contrast, in A. thaliana, 
MIR156b overexpression strongly delays flower- 
ing only in short days, whereas in long days it 
causes a moderate delay (4, 7, 26). To test whether 
lowering miR156 activity reduces the age at 
which plants become sensitive to vernalization, we 
overexpressed a mimicry construct (M/M17/56) in 
A. alpina (27). These transgenic plants did not 
flower without vernalization (Fig. 4D) but flow- 
ered when vernalized at the age of 3 weeks, where- 
as wild-type plants of this age did not (Fig. 4, 
E and F). Transcript levels of several miR156- 
regulated AaSPL genes were increased in apices 
of 3-week-old 35S:MIM156 lines compared to the 
wild type (Fig. 4G). Thus, AaSPL transcription 
factors are essential for the promotion of flower- 
ing in perennial A. alpina, and the antagonistic 
regulation of miR156 and SPL expression deter- 
mines the age at which these plants can flower 
in response to vernalization. 

Our findings indicate that miR156 and PEP2/ 
PEPI act in parallel repressive pathways to en- 
sure that A. alpina meristems become competent 
to flower only if they have reached the appro- 


priate age and have been exposed to winter tem- 
peratures (fig. S7). The floral repressor AaTFL1 
also delays the acquisition of age-related response 
to cold (/6), probably by setting a threshold 
for AaSPL activation of flowering (fig. S7). In 
A. thaliana and maize, the decrease in miR156 is 
coupled with an increase in miR172, but we did 
not observe this relationship in A. alpina. Main- 
taining miR172 at low levels during vegetative 
growth might allow the activity of its target PEP2 
to remain high, ensuring that plants do not flower 
before they are exposed to cold. In the annual 
species A. thaliana flowering in response to envi- 
ronmental cues can occur in young plants before 
the decline in miR156 levels, and SPL activity 
is not essential for flowering under inductive 
photoperiods. Probably other flowering path- 
ways can bypass the requirement for SPL fac- 
tors in A. thaliana under long days, and this is 
likely important in conferring its rapid cycling 
life history. Our data illustrate how recruitment 
of the miR156 and miR172 regulatory mod- 
ules to control environmental responses contrib- 
utes to evolution of the plant life cycle and that 
this can occur rapidly, even among closely re- 
lated species. 
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Molecular Basis of Age-Dependent 
Vernalization in Cardamine flexuosa 


Chuan-Miao Zhou,’ Tian-Qi Zhang,*? Xi Wang,? Sha Yu,*? Heng Lian,’ Hongbo Tang,” 


Zheng-Yan Feng," Judita Zozomova-Lihova,’* Jia-Wei Wang 
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Plants flower in response to many varied cues, such as temperature, photoperiod, and age. 

The floral transition of Cardamine flexuosa, a herbaceous biennial-to-perennial plant, requires 
exposure to cold temperature, a treatment known as vernalization. C. flexuosa younger than 

5 weeks old are not fully responsive to cold treatment. We demonstrate that the levels of two 
age-regulated microRNAs, miR156 and miR172, regulate the timing of sensitivity in response to 
vernalization. Age and vernalization pathways coordinately regulate flowering through modulating 
the expression of CfSOC1, a flower-promoting MADS-box gene. The related annual Arabidopsis 
thaliana, which has both vernalization and age pathways, does not possess an age-dependent 
vernalization response. Thus, the recruitment of age cue in response to environmental signals 


contributes to the evolution of life cycle in plants. 


nual plants go from germination to death 
within | year. Biennial and perennial plants 
take 2 or more years to complete their life cycles. 
Monocarpic perennials, such as bamboo, bloom 


P lants show diverse life-cycle strategies. An- 


once then die, whereas polycarpic perennials 
preserve some meristems in the vegetative state 
to sustain flowering in subsequent years (/—3). In 
Arabidopsis thaliana, an annual plant, the floral 
transition is controlled by various exogenous and 


endogenous cues, such as photoperiod or day 
length, transient exposure to low or high temper- 
ature, hormone, and age (4—7). 

We studied the molecular mechanisms that 
regulate flowering in the biennial-to-perennial 
wavy bittercress (Cardamine flexuosa), a herbaceous 
Brassicaceae widely distributed in Europe (8) 
(supplementary text). Under constant tempera- 
ture (23°C) and humidity (50%) conditions, C. 
flexuosa exhibited a typical polycarpic perennial 
growth habit. Plants did not flower when grown 
continuously in long (16 hours of light) or short 
(8 hours of light) days (Fig. 1A and fig. S1). 
Exposure of 8-week-old long-day plants to short 
days did not induce flowering (fig. S11). C. flexuosa 
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plants flowered only when exposed to cold tem- 
perature (4°C) for 2 months (Fig. 1B and fig. 
SID, a treatment called vernalization. After seed 


CIBC THIgs -V 


Wt CfFLC-migs 


Fig. 1. Age-dependent vernalization in C. flexuosa. (A) Wild-type (Wt) 
C. flexuosa was grown in long days for 10 weeks without vernalization (-V). 
The plant did not flower. (B) Vernalization induced flowering. A 10-week-old 
wild-type plant grown in long days was vernalized (+V) for 8 weeks and 
returned to 23°C in long days. The plant started bolting and flowering. (C) 
C flexuosa did not die after flowering. The bolts turned yellow and died. The rosette 
kept green and stayed in the vegetative phase. (D and E) CfFLC regulated 
vernalization. Wild type (D) and 355::C/FLC-migs (E) were grown in long days 
for 5 weeks. The 355::CfFLC-migs flowered without vernalization. Scale bars in (A) to 
(E),5cm. (F) Flowering time of wild-type and 355::GFLC-migs plants. The number of 
leaves when the plants started to flower was scored. NF indicates never flowering; 
error bar indicates SD. n = 13. (G) Age-dependent vernalization in C. flexuosa. 
Plants of different ages (from 1 to 8 weeks old) were vernalized for 2 months and 
returned to 23°C long days. Number of flowered plants was scored. n = 20. 1w+V, 
plants grown for 1 week in long days and then exposed to vernalization. (H and I) 
Temporal expression pattern of G/FLC (H) and CfSOCZ (I). Wild-type plants were 
grown in long days for 5 weeks before cold treatment. BV, before vernalization; AV, 
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Fig. 2. miR156 contributes to age-dependent vernalization. (A and B) 
Expression of miR156 (A) and CfSPL9 (B) during development. Wild-type plants of 
different ages (2 to 5 weeks old) were used for expression analyses. miR156 levels 
were monitored by small RNA blots. The level of U6 was monitored as the loading 
control. Error bars, SD. (C) Expression of miR156 during vernalization. One-week-old 
wild type grown in long days was vernalized for 2 months. The expression of miR156 
was examined every 2 weeks during vernalization. (D to G) Vernalization response of 
transgenic plants. One-week-old wild-type (D), 1-week-old 355::/M156 (E), 5-week- 
old wild-type (F), and 5-week-old 355::M/R156 (G) plants were vernalized for 


maturation, all inflorescences senesced and died, 
whereas the rosette and axillary shoots (branches) 
initiated after vernalization remained alive and 
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vegetative (Fig. 1C). A second round of flower- 
ing could be induced by another 2-month cold 
treatment (fig. S1H). 
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after a 2-month vernalization treatment; AV-+2w, plants grown in long days for 2 weeks 
after vernalization. RNA levels in leaves were measured by real-time quantitative 
polymerase chain reaction (qPCR). The expression levels were normalized to that 
of CfTUB. The data presented are the means of two technical replicates; error bars 
indicate SD. (J and K) Expression of CfFLC (J) and CfSOC1 (K) in response to 
vernalization and age. One- or 5-week-old C. flexuosa plants were subjected to 
vernalization treatment for 2 months. **P < 0.001, Student's t test. 
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2 months and retumed to 23°C long days. Scale bars in (D) to (G),5cm. (H) Percentage 
of flowered plants after vernalization treatment. Plants of different ages (from 1 to 
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The vernalization response in the perennial 
Brassicaceae Arabis alpina is controlled by the 
MADS-box gene PERPETUAL FLOWERING 
1 (PEP1), an ortholog of A. thaliana FLOWER- 
ING LOCUS C (AtFLC) (7, 9). We isolated CfFLC, 
an AfFLC homolog, in C. flexuosa (fig. S2 and 
supplementary text). When we overexpressed CfFLC 
in A. thaliana, flowering was delayed in long days 
(fig. S3A), indicating that CfFLC acts as a flower- 
ing repressor. To analyze the function of C/FLC in 
C. flexuosa, we generated CfFLC knockdown plants 
with the microRNA-induced gene silencing 
(MIGS) technology (35S::C/FLC-migs) (10). 
These plants had about fivefold less CfFLC ex- 
pression than wild type (fig. S3B) and were 


Fig. 3. GSOC1 actsdown- A 
stream of vernalization ite 
and age pathways. (A) . 
Expression of CfSOC1 

in the shoot apices. Wild 5 0.08 
type, 35S::MIM156, and 5 
355S::MIR156 plants were 3 
grown in long days for © 0.04 


1 or 5 weeks. The plants 
were then vernalized for 
2 months. **P < 0.001; 


able to flower without vernalization (Fig. 1, D to 
F). All subsequent axillary shoots were floral 
(fig. S3C). Thus, C/FLC encodes an ortholog of 
A. alpina PEP! and regulates perennial flower- 
ing in C. flexuosa. 

Wild-type plants were grown in long days for 
5 weeks and then exposed to cold temperature for 
8 weeks. Cold treatment decreased the transcript 
levels of C/FLC by three-fourths (Fig. 1H). After 
return to 23°C long days, Cf/FLC mRNA levels 
gradually increased, reaching the same level as 
that before vernalization within | month (Fig. 1H). 
Therefore, in the perennials C. flexuosa and 
A. alpina, FLC expression is only transiently sup- 
pressed by vernalization, whereas vernalization 
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ces of 5-week-old wild type 
before vernalization (B), 
5-week-old wild type after 
vernalization (C), 8-week- 
old 355:MIR156 after veral- 
ization (D), and 1-week-old 
35S::MIM156 after vernali- 4 
zation (E). Scale bars, 50 um. 


Fig. 4. Integration of age A 
and vernalization pathways 
in C. flexuosa. (A) Expression 
of miR172 during develop- 
ment. Wild-type plants of dif- 
ferent ages (from 2 to 4 weeks 
old) were used for real-time 
qPCR analyses. Error bars, 
SD. (B) Flowering time mea- 
surement. Plants were grown 
in long days. n = 12. (C) Ver- 
nalization response of wild- 
type and 355::M/R172 plants 
(line 5). Plants of different © 
ages (from 1 to 5 weeks old) 
were vernalized for 2 months 
and returned to 23°C long 
days. Wild type, n = 10. 
35S::MIR172 (line 5), n = 12. 
(D) Schematic of C/SOC1 ge- 
nomic region. Solid lines, pro- 
moter or introns. Black boxes, 
exons. The first four exons are 
shown. Three regions (a to c) 
were chosen for qPCR analy- 
ses. The black triangle stands 
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stably represses FLC expression in the annual 
A. thaliana (7, 11). 

In A. thaliana, flowering time pathways are 
integrated by several integrator genes, including 
SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS1 (SOC1) (12). Overexpression of 
C. flexuosa SOCI (CfSOC1) in C. flexuosa by- 
passed the vernalization requirement (figs. S4 and 
S85), suggesting that C/SOC/ acts downstream of 
the vernalization pathway. The expression pattern 
of CfSOCI was opposite to that of CfFLC, with 
the expression transiently increased upon cold 
treatment (Fig. 11). 

We found that the ability of cold exposure to 
cause vernalization of C. flexuosa plants was age- 
dependent. Plants less than 5 weeks old were not 
fully responsive to cold treatment (Fig. 1G). The 
expression of C/FLC was repressed by vernali- 
zation in both young (1-week-old) and old (5-week- 
old) plants (Fig. 1J). However, cold treatment 
induced an increase of C/SOC/ expression in old 
but not young plants (Fig. 1K). We infer that the 
insensitivity of young plants to cold treatment is 
due to a defect in activation of CfSOC/ rather 
than a change in the repression of C/FLC. 

MicroRNA156 (miR156), which targets a 
group of SQUAMOSA PROMOTER BINDING— 
LIKE (SPL) transcription factors, regulates the 
age-dependent developmental transitions (/3—/6). 
As in A. thaliana, maize, and poplar, miR 156 levels 
correlated with age in C. flexuosa (13, 14, 17, 18), 
being most abundant in seedlings (Fig. 2A). The 
miR156 target gene C/SPLY showed an opposite 
expression pattern (Fig. 2B and figs. S6 and S7). 
miR156 level did not decline in 1-week-old seed- 
lings during a 2-month cold treatment (Fig. 2C). 

To determine whether miR156 contributes 
to the age-dependent vernalization response, 
we generated transgenic C. flexuosa plants that 
overexpressed either miR156 (35S::MIR156) or 
a target mimicry of miR156 (35S:.MIM156), in 
which miR156 activity is attenuated (/3) (figs. S8 
and S9). Neither 358::VIM156 nor 35S::MIR156 
flowered without vernalization (fig. S8D). Wild- 
type, 35S::MIR156, and 35S::MIM156 plants 
were grown in long days for 1 week or 5 weeks 
and then exposed to 8 weeks of cold temperature. 
One-week-old wild-type plants were insensitive 
to cold treatment, whereas flowering was readily 
induced in 1-week-old 35S::M/M1/56 plants (Fig. 
2, D, E, and H). The 35S::MIR156 plants became 
less insensitive to vernalization (Fig. 2, F to H), 
even when much older. At 10 weeks of age, only 
20% of 35S::MIR156 plants responded to ver- 
nalization (Fig. 2H). These results illustrate a cor- 
relation between miR156 abundance and the 
sensitivity in response to vernalization. 

To understand the molecular mechanism by 
which miR156 contributes to the process to make 
plants susceptible to vernalization, we examined 
the expression of C/FLC and CfSOC]. The response 
of CfFLC to cold treatment was independent of 
miR156 levels (fig. SIOA). Upon cold treatment, 
CfSOCI expression was elevated in 1-week-old 
35S::MIM156 plants but not in wild type at the 
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same age (Fig. 3, A and E). CfSOC/ transcripts in 
the shoot apical meristems were detected when 
5-week-old wild type had been vernalized (Fig. 
3, B and C). In 35S:-MIR156 plants, CSOC/ was 
underexpressed even when 8-week-old plants 
were vernalized (Fig. 3D). A. alpina TERMINAL 
FLOWER] (AaTFL]) regulates the perennial flow- 
ering in A. alpina (19). Expression of C/TFL1, a 
homolog of AaTFL/ in C. flexuosa (fig. S11), was 
independent of age and miR156 levels (fig. S12). 

miR156 promotes the juvenile-to-adult tran- 
sition through miR172, which targets APETALA2 
(AP2}-like genes in A. thaliana (14, 20). The 
level of miR172 increased as C. flexuosa aged 
(Fig. 4A). miR172 accumulation was reduced in 
35S::MIR156 and enhanced in 35S::MIM156 
plants (fig. S9). Thus, as in A. thaliana, maize, 
rice, and poplar (74, 77, 2/, 22), miR172 is reg- 
ulated by miR156 in C. flexuosa. 

To understand how miR172 regulates flow- 
ering in C. flexuosa, we generated the transgenic 
plants overexpressing miR172 (35S::MIR172). 
These 35S::MIR172 plants exhibited varying 
degrees of vernalization response in accordance 
with their miR172 levels (fig. S13). Wild-type 
plants did not fully respond to vernalization until 
they were 5 weeks old. However, 1-week-old trans- 
genic plants with a moderate miR172 level (line 5) 
flowered when vernalized (Fig. 4, B and C). The 
transgenic plants with the highest miR172 level 
(line 4) flowered without exposure to cold temper- 
ature (Fig. 4B and fig. S14). Expression analyses 
indicated that miR172 level did not change in 
response to cold treatment and that C/FLC ex- 
pression was not affected by miR172 overexpres- 
sion (fig. S10, B and C). Epistasis analysis further 
showed that miR172 promotes flowering in par- 
allel with C/FLC (Fig. 4B and fig. S14). 

In A. thaliana, FLC and miR172-targeted 
AP2-like proteins repress flowering through SOC] 
(23-26). We identified a homolog of A. thaliana 
miR172 target TARGET OF EAT (TOE!), CTOE1, 
in C. flexuosa (fig. S15) (27). The transgenic 
C. flexuosa plants that overexpressed in-frame fu- 
sions of CfFLC or C{TOE] to triple hemagglutinin 
epitope tags (3xHA) (35S-:C/FLC-3xHA or 35S:: 
C{TOE1-3xHA) did not flower in long days after 
vernalization (fig. S16). Chromatin immuno- 
precipitation (ChIP) assays indicated that CfFLC 
and CfTOEI bound to the promoter region of 
CfSOCI (Fig. 4, D and E, and supplementary 
text), indicating that CfFLC and CfTOE1 regulate 
C. flexuosa flowering through repressing CfSOC1. 

We suggest that age and vernalization cues 
coordinate to regulate floral induction in C. 
flexuosa by removal of two repressors, CfFLC, 
which is repressed by vernalization, and CfTOE1, 
which is down-regulated by the miR156-SPL- 
miR172 cascade (fig. S17). In the young seedling, 
high levels of miR156 lead to the accumulation of 
CfTOE1. CfTOE1 represses CfSOC/ expression 
regardless of vernalization; as the plant grows, the 
endogenous sugar content is elevated, resulting in 
a decreased level of miR156 and the concomitant 
increase in miR172 (25-30). As a consequence, 


the occupation of CfTOE1 at CfSOC/ promoter 18. G. Wu, R. S. Poethig, Development 133, 3539 (2006). 
was reduced, leading to a cold-sensitive state. Flow-  19- 8. Wang et al., Plant Cell 23, 1307 (2011). 

: f 20. X. Chen, Science 303, 2022 (2004); 10.1126/ 
ering can be successfully induced when C/FLC science.1088060. 
expression is reduced by vernalization. 21. J. W. Wang et al., PLoS Genet. 7, €1002012 (2011). 

The integration of age and vernalization path- 22. K. Xie et al., Plant Physiol. 158, 1382 (2012). 

ways offers an advantage for the perennial growth 23. . 7 i uncle ienigaaatig pce A. Mouradov, 
habit by ensuring that plants do not flower until 24. pare en ak ee Dev 20, 898 (2006). 
they develop axillary vegetative shoots and suf- 25. p. Li et al., Dev. Cell 15, 110 (2008). 
ficient biomass. Although both vernalization and —_26. J. Mathieu, L. J. Yant, F. Mirdter, F. Kiittner, M. Schmid, 
age pathways operate in the annual A. thaliana, he ne 7, cape ee ia sah Donal 

° : . M. J. Aukerman, H. Sakai, Plant Cel , [ 
this species does not have a pronounced age- 58° 1. Yang, M. Xu, Y. Koo, ]. He, R. S. Poethig, elife 2, 
dependent vernalization response. The relative 00260 (2013). 
stronger contribution of the age pathway in C. 29. S. Yu et al., eLife 2, e00269 (2013). 
flexuosa suggests a scenario in which the species- 30. V. Wahl et al., Science 339, 704 (2013). 
specific imbalance of repressive versus inductive 
signals determines the life-cycle strategy of flow- 


ering plants. 
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A Tumor Suppressor Complex with GAP 
Activity for the Rag GTPases That Signal 
Amino Acid Sufficiency to mTORC1 


Liron Bar-Peled,*?* Lynne Chantranupong,”’** Andrew D. Cherniack,* Walter W. Chen,” 
Kathleen A. Ottina,*? Brian C. Grabiner,”” Eric D. Spear,’ Scott L. Carter,’ 
Matthew Meyerson,**° David M. Sabatini???-*+ 


The mTOR complex 1 (mTORC1) pathway promotes cell growth in response to many cues, including 
amino acids, which act through the Rag guanosine triphosphatases (GTPases) to promote mTORC1 
translocation to the lysosomal surface, its site of activation. Although progress has been made in 
identifying positive regulators of the Rags, it is unknown if negative factors also exist. Here, we identify 
GATOR as a complex that interacts with the Rags and is composed of two subcomplexes we call GATOR1 
and -2. Inhibition of GATOR1 subunits (DEPDC5, Nprl2, and Nprl3) makes mTORC1 signaling resistant to 
amino acid deprivation. In contrast, inhibition of GATOR2 subunits (Mios, WDR24, WDR59, Seh1L, and 
Sec13) suppresses mTORC1 signaling, and epistasis analysis shows that GATOR2 negatively regulates 
DEPDC5. GATOR1 has GTPase-activating protein (GAP) activity for RagA and RagB, and its components are 
mutated in human cancer. In cancer cells with inactivating mutations in GATOR1, mTORC1 is hyperactive 
and insensitive to amino acid starvation, and such cells are hypersensitive to rapamycin, an mTORC1 
inhibitor. Thus, we identify a key negative regulator of the Rag GTPases and reveal that, like other mTORC1 
regulators, Rag function can be deregulated in cancer. 


a master regulator of growth, and its de- 
regulation is common in human disease, 


Te mTOR complex | (mTORC1) kinase is 


including cancer and diabetes (/). In response to 
a diverse set of environmental inputs, including 
amino acid levels, mTORC1 regulates many 
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Fig. 1. GATOR is a Rag-interacting complex, whose Mios component 
is necessary for the activation of mTORC1 by amino acids. (A) Mios 
interacts with endogenous RagA and RagC. HEK-293T cells were trans- 
fected with the indicated cDNAs in expression vectors. Cells were treated 
with a cell-permeable chemical cross-linker, lysates were prepared and sub- 
jected to FLAG immunoprecipitation (IP) followed by immunoblotting for the 
indicated proteins. (B) Mios is necessary for the activation of the mTORC1 
pathway by amino acids. HEK-293T cells expressing short hairpin RNAs 
(shRNAs) targeting GFP or Mios were starved of amino acids for 50 min or 
starved and then restimulated with amino acids for 10 min. Cell lysates were 
analyzed for the phosphorylation state of S6K1. (C) S2 cells treated with 
dsRNAs targeting Mio or GFP were starved of amino acids for 90 min or starved 


anabolic and catabolic processes, such as pro- 
tein synthesis and autophagy (/, 2). The sensing 
of amino acids by mTORC1 initiates from within 
the lysosomal lumen (3) and requires a signaling 
machine associated with the lysosomal mem- 
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brane that consists of the Rag guanosine triphos- 
phatases (GTPases) (4, 5), the Ragulator complex 
(6, 7), and the vacuolar adenosine triphosphatase 
(V-ATPase) (3). The Rag GTPases exist as ob- 
ligate heterodimers of RagA or RagB, which are 
highly homologous, with either RagC or RagD, 
which are also very similar to each other (4, 5, 8). 
Through a poorly understood mechanism requiring 
the V-ATPase, luminal amino acids activate the 
guanine nucleotide exchange factor (GEF) activ- 
ity of Ragulator toward RagA and RagB that, 
when guanosine triphosphate (GTP)loaded, recruits 
mTORCI to the lysosomal surface (7). There, 
mTORC1 interacts with its activator Rheb, which 
is regulated by many upstream signals, including 
growth factors (/). Upon amino acid withdrawal, 
RagA and RagB become guanosine diphosphate 
(GDP)-bound (4), and mTORC1 leaves the lysosomal 
surface, and that leads to its inhibition. The negative 
regulators that inactivate the Rag GTPases are unknown. 


and restimulated with amino acids for 30 min. The indicated proteins were 
detected by immunoblotting. (D) Cell size histogram of S2 cells after dsRNA- 
mediated depletion of Mio. (E and F) GATOR is an octomeric complex defined 
by two distinct subcomplexes and interacts with the Rag GTPases. HEK-293T 
cells were transfected and processed as in (A) with the exclusion of the cross- 
linking reagent, and cell lysates and FLAG immunoprecipitates were subjected 
to immunoblotting. (G) HEK-293T cells stably expressing FLAG-tagged 
DEPDC5 or WDR24 were lysed, and cell lysates and FLAG immunoprecipitates 
were analyzed by immunoblotting for endogenous RagA, RagC, Mios, and 
Nprl3. (H) Schematic summarizing GATOR-Rag interactions. GATOR2 (Mios, 
Seh1L, WDR24, WDRS59, and Sec13) interacts with GATOR1 (DEPDC5, Nprl2, 
and Nprl3), which likely then binds the Rags. 


We suspected that important regulators of the 
Rags might have escaped prior identification be- 
cause their interactions with the Rags are too 
weak to persist under standard purification con- 
ditions. Thus, to preserve unstable protein complexes 
(9), we treated human embryonic kidney—293T 
(HEK-293T) cells expressing FLAG-tagged RagB 
with a chemical cross-linker and identified via 
mass spectrometry proteins that coimmunoprecip- 
itate with FLAG-RagB. This analysis revealed 
the presence in the immunoprecipitates of known 
Rag-interacting proteins, as well as Mios, a 100-kD 
WD40-repeat protein not previously studied (fig. 
S1A). Consistent with this finding, endogenous 
RagA and RagC coimmunoprecipitated with re- 
combinant Mios expressed in HEK-293T cells 
and isolated under similar purification conditions 
(Fig. 1A). Suppression of Mios, by RNA inter- 
ference (RNAi) in human cells, strongly inhibited 
the amino acid-induced activation of mTORC1, 
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Fig. 2. The GATOR complex is required for the regulation of the 
TORC1 pathway by amino acids. (A) shRNA-mediated depletion of the 
GATOR2 components Seh1L, WDR24, or WDR59 in HEK-293T cells inhibits 
amino acid-induced S6K1 phosphorylation. (B) In HEK-293Ts expressing 
shRNAs targeting the GATOR1 components DEPDCS, Nprl2, and Nprl3, S6K1 
phosphorylation is insensitive to amino acid withdrawal. In (A) and (B), cells 
were starved of amino acids for 50 min or starved and restimulated with amino 
acids for 10 min. Cell lysates were immunoblotted for the phosphorylation 
state of S6K1. dsRNA-mediated depletion in S2 cells of (C) dSeh1L; (D) 


dWDR59 and dWDR24; and (E) dDEPDC5, dNprl2, and dNprl3. S2 cells were 
treated with the indicated dsRNAs and were starved of amino acids for 90 min 
or starved and restimulated with amino acids for 30 min. Immunoblotting was 
used to detect the phosphorylation state of dS6K. (F) $2 cell sizes after dsRNA- 
mediated depletion of dSeh1L and dDEPDC5. (G) GATOR2 functions upstream 
of GATOR1. S2 cells were treated with the indicated combinations of dsRNAs 
and then starved and restimulated with amino acids and analyzed as in (C) to 
(E). (H) Schematic depicting the relationship between GATOR1 and GATOR2 in 
their regulation of mTORC1. 


as detected by the phosphorylation state of its sub- 
strate S6K1 (Fig. 1B and fig. S2B). Moreover, 
in Drosophila S82 cells, double-stranded RNAs 
(dsRNAs) targeting Mio (/0), the fly ortholog of 
Mios, ablated dTORC1 signaling and also re- 
duced cell size (Fig. 1, C and D). Thus, in human 
and fly cells, Mios is necessary for amino acid 
signaling to TORCI. 

In vitro, we failed to detect a strong inter- 
action between purified Mios and the Rag het- 
erodimers, which suggested that, within cells, other 


components exist that are needed for complex 
formation. Indeed, in FLAG-Mios immunopre- 
cipitates prepared from HEK-293T cells, we de- 
tected seven additional proteins (WDR24, WDR59, 
Seh1L, Secl3, DEPDC5, Nprl2, and Npri3) by 
mass spectrometry. The proteins varied in abun- 
dance, however, with much greater amounts of 
WDR24, WDRS9, SehIL, and Sec13 coimmu- 
noprecipitating with Mios than DEPDCS, Nprl2, 
and Nprl3 (fig. S1B). In contrast, in FLAG- 
DEPDCS immunoprecipitates, Nprl2 and Nprl3 


were more abundant than Mios, WDR24, WDR59, 
Seh1L, and Sec13, and experiments with FLAG- 
Nprl2 gave analogous results (fig. S1B). These 
findings suggest that two subcomplexes exist, 
one consisting of Mios, WDR24, WDRS9, SehIL, 
and Sec13, and the other of DEPDCS, Nprl2, and 
Nprl3. To test this notion, we coexpressed FLAG- 
WDR24 or FLAG-Nprl2 together with hemag- 
glutinin (HA)+tagged versions of the other seven 
proteins. As expected, DEPDCS5 and Nprl3 co- 
immunoprecipitated with Nprl2 much more 
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Fig. 3. GATOR regulates mTORC1 Localization to the lysosomal surface 
and functions upstream of the Rag GTPases. (A) RNAi-mediated depletion 
of the GATOR2 components Mios and Seh1L prevents amino acid—induced mTOR 
lysosomal translocation. HEK-293T cells expressing the indicated shRNAs were 
starved or starved and restimulated with amino acids for the specified times before 
coimmunostaining for mTOR (red) and Lamp2 (green). (B) Reduced expression of 
DEPDC5 in HEK-293T cells results in constitutive mTOR localization to the 
lysosomal surface. HEK-293T cells treated with the indicated lentiviral shRNAs 
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were processed as described in (A). (C) Images of HEK-293T cells stably expressing 
FLAG-DEPDCS5 starved of, or starved and restimulated with, amino acids. Cells 
were processed as described in (A). In all images, insets show selected fields that 
were magnified five times and their overlays. Scale bar, 10 uM. (D) GATOR1 
functions upstream of the nucleotide binding state of the Rags. HEK-293T cells 
transfected with the indicated cDNAs in expression vectors were starved of amino 
acids for 50 min or starved and restimulated with amino acids for 10 min. The 
indicated proteins were detected by immunoblotting. 


strongly than with WDR24, whereas the opposite 
was true for Mios, WDRS59, Seh1L, and Sec13 
(Fig. 1E). For reasons described later, we call 
the eight-protein complex GATOR for GTPase- 
activating protein (GAP) activity toward Rags 
and the two subcomplexes GATOR1 (DEPDCS, 
Nprl2, and Nprl3) and GATOR2 (Mios, WDR24, 
WDRSS, Seh1L, and Sec13) (Fig. 1H). 

When the eight proteins were coexpressed 
with RagB and RagC, GATOR interacted strongly 
with the Rag heterodimer (Fig. 1F) and, like the 
Rags and Ragulator (6, 7), its DEPDC5 compo- 
nent localized to the lysosomal surface (fig. SIE). 
Experiments in which single GATOR proteins 
were omitted revealed complex relations between 
the components but suggested that GATOR1 
mediates the GATOR-Rag interaction (fig. S1C). 
Consistent with this conclusion, when stably ex- 


pressed in HEK-293T cells, FLAG-DEPDC5S co- 
immunoprecipitated much more endogenous RagA 
and RagC than FLAG-WDR24, as detected by 
immunoblotting (Fig. 1G) and mass spectromet- 
ric analysis (fig. S1D). Amino acid starvation 
increased the amount of RagA and RagC that co- 
immunoprecipitated with DEPDCS, which sug- 
gested a regulatory role for GATOR (fig. S1F). 
The finding that GATOR components interact 
with the Rag GTPases was intriguing because 
their likely budding yeast orthologs (IML1, NPR2, 
and NPR3) positively regulate autophagasome 
formation, a TORC1-dependent process (//), and, 
at least in certain yeast strains, also inhibit TORC1 
signaling upon nitrogen starvation (/2—/4). Re- 
cently, the likely yeast orthologs of GATOR2 
(Sea2, Sea3, Sea4, Sehl1L, and Secl3) were 
shown to interact with IML1, NPR2, and NPR3 


to form a complex that has been called SEA (/5). 
However, unlike GATOR, the SEA complex does 
not appear to consist of two distinct subcom- 
plexes, as its components are found in stoichio- 
metric amounts. 

We used RNAi in HEK-293T and Drosophila 
S82 cells to examine the function of each GATOR 
component in amino acid sensing by mTORC1 
and dTORC1, respectively. We excluded Sec13 
from further analysis, as it functions in several 
protein complexes (/6), and so its inhibition 
might have effects that are difficult to interpret. 
Consistent with Mios being required for amino 
acids to activate mTORC1 (Fig. 1B), depletion of 
other GATOR2 components or their Drosophila 
orthologs strongly blunted amino acid—induced 
activation of mTORC1 and dTORC1, respective- 
ly (Fig. 2, A, C, and D; and fig. S2, A to D). It is 
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interesting that in contrast, loss of GATORI pro- 
teins had the opposite effect and prevented the 
inactivation of mTORCI and dTORCI normally 
caused by amino acid deprivation (Fig. 2, B and 
E, and fig.S2, A and D). Consistent with the op- 
posite roles of GATOR] and GATOR2 on dTORC1 
signaling, dsRNAs targeting dSeh1L or dDEPDCS5S 
decreased and increased, respectively, S2 cell size 
(Fig. 2F). To clarify the relation between GATOR1 
and GATOR2, we used RNAi to inhibit cDEPDCS5 
at the same time as Mio or dSeh1L in S2 cells. 
In the background of GATOR inhibition, loss 
of GATOR2 had no effect on dTORC1 activity, 
which indicated that GATOR2 functions up- 
stream of GATOR (Fig. 2, G and H). Thus, 
GATOR? is an inhibitor of an inhibitor (GATOR 1) 
of the amino acid—sensing branch of the TORC1 
pathway. 

A key step in the amino acid-induced ac- 
tivation of mTORC1 is its recruitment to the 
lysosomal surface, an event that requires known 
positive components of the amino acid—sensing 
pathway, like Ragulator (7) and the V-ATPase 
(3). Consistent with a positive role for GATOR2, 
in HEK-293T cells expressing shRNAs targeting 
Mios (Fig. 1B) or SehIL (Fig. 2A), mTOR did 
not translocate to LAMP2-positive lysosomal mem- 
branes upon amino acid stimulation (Fig. 3A). In 
contrast, in cells expressing an shRNA targeting 
DEPDCS (fig. S2A), mTOR localized constitu- 
tively to the lysosomal surface, regardless of 
amino acid availability (Fig. 3B). Moreover, just 
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overexpression of DEPDCS5 was sufficient to 
block the amino acid-induced translocation of 
mTOR to the lysosomal surface (Fig. 3C). Un- 
like Ragulator, which tethers the Rags to the ly- 
sosomal surface (6, 7), GATOR2 is not needed 
for the proper Rag localization (fig. S3A). Thus, 
GATORI and GATOR2 have opposite effects on 
the activity and subcellular localization of mTORC1. 

Consistent with the finding that GATOR1 in- 
hibited the mTORC1 pathway, concomitant over- 
expression of its three components blocked the 
amino acid-induced activation of mTORCI (Fig. 
3D) to a similar extent as RagB™™N-RagC?!2", 
a Rag heterodimer that is dominant negative be- 
cause the RagB'™4N mutant cannot bind GTP (7). 
In contrast, expression of the dominant active 
RagB?”?'-RagCS” heterodimer blocked not 
only amino acid deprivation but also GATORI 
overexpression from inhibiting mTORC1 signal- 
ing. Because RagB?”" is constitutively bound to 
GTP (17) and RagCS”°% cannot bind GTP (7), 
this result suggests that GATOR functions up- 
stream of the regulation of the nucleotide binding 
state of the Rags. 

To test the possibility that GATOR] is a GEF 
or a GAP for the Rags, we prepared Rag het- 
erodimers consisting of a wild-type Rag and a 
Rag* mutant (see methods) (7). The Rag* mu- 
tants are selective for xanthosine rather than gua- 
nine nucleotides, which allowed us to prepare 
heterodimers in vitro in which the wild-type Rag 
is loaded with radiolabeled GTP or GDP while 
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the Rag™ partner is bound to XDP or XTP (7). 
In vitro, purified GATOR (fig. S4E) did not 
stimulate the dissociation of GDP from RagB or 
RagC when each was bound to its appropriate 
Rag* partner (fig. S4, A and B); this ruled out its 
function as a GEF. In contrast, GATOR strongly 
increased, in a time- and dose-dependent manner, 
GTP hydrolysis by RagA or RagB within RagC*- 
containing heterodimers, irrespective of which 
nucleotide RagC* was loaded with (Fig. 4, A, B, 
and E; and fig. S4, C and D). GATORI also 
slightly boosted GTP hydrolysis by RagC within 
a RagB*-RagC heterodimer (Fig. 4C) but had no 
effect on the GTPase activity of Rap2A (Fig. 4D). 
LeucyHtansfer RNA synthetase (LRS), a putative 
GAP for RagD (/8), did not alter the basal GTP 
hydrolysis by RagA, RagB, or RagC (Fig. 4, A, 
B, and C). Consistent with the binding preference 
of many GAPs for the GTP-loaded state of target 
GTPases, in vitro GATORI preferentially in- 
teracted with the RagB?”""-containing heterodimer 
(Fig. 4F). Thus, the GATOR1 complex has GAP 
activity for RagA and RagB, which provides a mech- 
anism for its inhibitory role in mTORCI signaling. 

Because the pathways that convey upstream 
signals to mTORCI are frequently deregulated 
by mutations in cancer [reviewed in (/9)], we 
thought it possible that GATOR1 components 
might be mutated in human tumors. Indeed, pre- 
vious studies identified in lung and breast cancers 
deletions of a 630-kilobase (kb) region of 3p21.3 
that includes NPRL2 (20, 21), and one study 
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Fig. 4. GATOR1 is a GTPase-activating protein complex for RagA 
and RagB. (A to D) GATOR1 stimulates GTP hydrolysis by RagA and RagB. 
RagA-RagC*, RagB-RagC", RagC-RagB%, or the control GTPase Rap2A were 
loaded with [a-*2P]GTP and incubated with GATOR1 (20 pmol) or the 
control LRS (20 pmol). GTP hydrolysis was determined by thin-layer chro- 
matography (see methods). Each value represents the normalized mean + 
SD (n = 3). (E) GATOR1 increases GTP hydrolysis by RagB in a time- 
dependent manner. RagB-RagC* was loaded with [y-?P]GTP and 
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incubated with GATOR1 or a control, and hydrolysis was determined by 
phosphate capture (see methods) Each value represents the normalized 
mean + SD (n = 3). (F) GATOR1 preferentially interacts with the dominant 
active Rag heterodimer. In vitro binding assay in which FLAG-GATOR1 was 
incubated with immobilized HA-glutathione S-transferase (HA-GST)—tagged 
RagB™*"-RagC?2"' (dominant negative), RagB°??-RagC°”°" (dominant ac- 
tive) or Rap2A. HA-GST precipitates were analyzed by immunoblotting for the 
levels of FLAG-GATOR1. 
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reported two cases of glioblastoma with deletions 
in a three-gene region of 22q12.2 that contains 
DEPDC5 (22). Moreover, in cancer cells with 
3p21.3 deletions, expression of Nprl2 inhibited 
their capacity to grow as tumor xenografts, which 
identified it as a tumor suppressor (2/, 23). Our 
analyses of publically available data from the 
Cancer Genome Atlas identified a subset of glio- 
blastomas and ovarian cancers with nonsense or 
frameshift mutations or truncating deletions in 
DEPDC%5 or NPRL2. In most of these tumors, 
DEPDC5 or NPRL2 also underwent a loss of 
heterozygosity (LOH) event, which indicated that 
the tumors were unlikely to retain a functional 
copy of the gene products (Fig. 5, A, B, and C; 


and fig. SSA). In addition, in both tumor types, 
focal homozygous or hemizygous deletions, as 
well as missense mutations accompanied by LOH, 
were also detected in DEPDC5 and NPRL2 (Fig. 
5A). NPRL3 is located too proximal to the 16p 
telomere to adequately access copy number alter- 
ations in it using high-density microarray analysis. 
In aggregate, inactivating mutations in GATOR1 
components are present in low single-digit per- 
centages of glioblastomas and ovarian cancers, 
frequencies that may change upon better assess- 
ment of NPRL3. 

In order to study the effects of GATOR loss 
on cancer cells, we used the Cosmic and CCLE 
resources (see methods) to identify human cancer 


REPORTS if 


cell lines with homozygous deletions in DEPDCS, 
NPRL2, or NPRL3, which we confirmed via im- 
munoblotting or polymerase chain reaction (PCR) 
of genomic DNA (fig. $5, B, C, and F). In seven 
such lines, but not in Jurkat or HeLa cells, mTORC1 
signaling was hyperactive and completely in- 
sensitive to amino acid deprivation and V-ATPase 
inhibition, irrespective of which GATORI com- 
ponent was lacking (Fig. SD and fig. S5, D, E, 
and I). Furthermore, in GATOR I -null cells mTOR 
localized to the lysosomal surface even in the 
absence of amino acids (Fig. SE). When DEPDCS 
and Nprl2 were reintroduced into cancer cell lines 
lacking them, the mTORC1 pathway regained 
sensitivity to amino acid regulation (Fig. 5F and 
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Fig. 5. GATOR1 components are mutated in cancer and GATOR1-null 
cancer cells are hypersensitive to the mTORC1 inhibitor rapamycin. (A) 
Table summarizing genomic alterations in DEPDC5 and NPRL2 and their fre- 
quencies in glioblastoma and ovarian cancer. The ratios of nonsense and 
frameshift mutations to missense mutations in DEPDC5 (P = 0.00015) and 
NPRL2 (P = 0.00342) in glioblastoma differ significantly from the ratio of all 
nonsense and frameshift mutations to missense mutations in glioblastoma 
genomes as determined by a Fisher's Exact test. (B and C) Mutations and 
deletions identified in DEPDC5 in glioblastomas and ovarian cancers. (D) In 
GATOR1-null cancer cells the mTORC1 pathway is resistant to amino acid 
starvation. Cells were starved of amino acids for 50 min and starved or 
restimulated with amino acids for 10 min. Cell lysates were analyzed by 


immunoblotting for levels of the indicated proteins. (E) Cancer cells were 
starved or starved and restimulated with amino acids (a.a.) for the specified 
times before coimmunostaining for mTOR (red) and Lamp2 (green). In all 
images, insets show selected fields that were magnified five times and their 
overlays. Scale bar, 10 ..M. (F) Reintroduction of Nprl2 into the SW780 cell line 
(NPRL2~>) restores amino acid—dependent regulation of mTORC1. Cells stably 
expressing a control protein or Nprl2 were treated and analyzed as in (D). (G) 
GATOR1-null cancer cells are hypersensitive to rapamycin. Rapamycin ICs 
values for indicated cancer cell lines. Values are presented as means + SD (n = 3). 
(H) Model for the role of the GATOR complex in the amino acid—sensing branch 
of the mTORC1 pathway. GATOR2 is a negative regulator of GATOR1, which 
inhibits the mTORC1 pathway by functioning as a GAP for RagA. 
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fig. S5, G, and H), which indicated that it is in- 
deed the loss of GATOR proteins that is driving 
aberrant mTORC1 signaling in these cells. 

The proliferation of the GATOR1-null cancer 
cells was very sensitive to the mTORC1 inhibitor 
rapamycin, with median inhibitory concentration 
(ICs) values in the 0.1 to 0.4 nM range (Fig. 
5G). These values are many orders of magnitude 
less than for cell lines that are not considered 
rapamycin-sensitive, like HeLa and HT29 cells, 
and at the low end of cancer cell lines, like PC3 
and Jurkat cells, which have lost PTEN function 
(24-26), an established negative regulator of the 
mTORCI pathway. In addition, the forced expres- 
sion of DEPDCS in the MRKNUI (DEPDC5~“) 
cell line led to a marked reduction in its prolif- 
eration (fig. S5J). 

In conclusion, we identify the octomeric 
GATOR complex as a critical regulator of the 
pathway that signals amino acid sufficiency to 
mTORCI (Fig. 5G). The GATOR1 subcomplex 
has GAP activity for RagA and RagB and its loss 
makes mTORC1 signaling insensitive to amino 
acid deprivation. Inactivating mutations in GATOR1 
are present in cancer and may help identify tu- 


mors likely to respond to clinically approved 
pharmacological inhibitors of mTORC1. 
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Impaired a-TTP-PIPs Interaction 
Underlies Familial Vitamin E Deficiency 


Nozomu Kono,?’2* Umeharu Ohto,?* Tatsufumi Hiramatsu,? Michiko Urabe,? Yasunori Uchida, 


Yoshinori Satow,” Hiroyuki Arai’?+ 


1 


a-Tocopherol (vitamin E) transfer protein (o-TTP) regulates the secretion of a-tocopherol from 
liver cells. Missense mutations of some arginine residues at the surface of a-TTP cause severe 
vitamin E deficiency in humans, but the role of these residues is unclear. Here, we found that 
wild-type o-TTP bound phosphatidylinositol phosphates (PIPs), whereas the arginine mutants 

did not. In addition, PIPs in the target membrane promoted the intermembrane transfer of 
a-tocopherol by a-TTP. The crystal structure of the a-TTP—PIPs complex revealed that the 
disease-related arginine residues interacted with phosphate groups of the PIPs and that the PIPs 
binding caused the lid of the a-tocopherol—binding pocket to open. Thus, PIPs have a role in 
promoting the release of a ligand from a lipid-transfer protein. 


merous cellular events (/, 2). Lipids are 

transported between organelles by vesicles 
or are delivered by lipid-transfer proteins (3). 
Some lipid-transfer proteins possess specific 
organellar-targeting motifs to assure precise lipid 
transport from donor to acceptor organelles (/, 2). 
However, many other lipid-transfer proteins have 
no known organellar-targeting domains, and the 
molecular bases underlying intracellular lipid trans- 
port by these proteins are largely unknown. 


| oe lipid transport is required for nu- 
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a-Tocopherol transfer protein (a-TTP), which 
specifically binds a-tocopherol (a-Toc), the most 
abundant form of vitamin E in mammals, is ex- 
pressed in the liver where it regulates the amount 
of a-Toe secreted into the plasma (4). Heritable 
mutations in the a-TTP-encoding gene result in 
ataxia with vitamin E deficiency (AVED), an au- 
tosomal recessive disorder associated with low 
circulating vitamin E concentrations and neuro- 
degenerative pathology (5). More than 20 muta- 
tions in the a-TTP gene have been identified in 
AVED patients (5). a-TTP is a member of the 
Secl4-like protein family (6) and has a lipid- 
binding domain, the Secl4 domain. Because 
a-TTP has no known organellar-targeting domain, 
we focused on the mutations in AVED patients to 
investigate the molecular mechanism underlying 
a-TTP-mediated o-Toc transport in liver cells. 
Of the nine disease-associated missense muta- 
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tions (Fig. 1 A), three (R59W, R192H, and R221W) 
are located in one region on the o-TTP protein 
surface, which is distinct from the a-Toc binding 
site (7) (Fig. 1B). The R59W and R221W mu- 
tations give rise to the severe, early-onset form of 
the disease (8), indicating that these arginine res- 
idues are critical for o-TTP function. 

We assessed the a-Toc binding and intermem- 
brane transfer activities of recombinant R59W 
a-TTP (R59W) in vitro. a-[H]Toc comigrated 
with the wild type or R59W on gel filtration, and 
the peaks of a-Toc of R59W and the wild type 
were almost the same (Fig. 1C). The intermem- 
brane a-Toc transfer activity of R59W was some- 
what higher than that of the wild type (Fig. 1D). 
The wild type stimulated secretion of a-Toc from 
hepatoma cells, but R59W did not stimulate it at 
all (9) (Fig. 1E). Thus, R59W can bind and trans- 
fer a-Toc in vitro, but cannot stimulate o-Toc 
transport in cells. 

Using beads derivatized with phosphatidylinositol 
3,4-bisphosphate [PI(3,4)P2], a-TTP bound 
PI(3,4)P2 as expected (/0), but R59W did not 
(Fig. 2A). Native polyacrylamide gel electropho- 
resis (PAGE) analysis of the a-TTP-PI(3,4)P2 mix- 
ture revealed that the PIPs increased the mobility 
of a-TTP (Fig. 2B), which also suggests that 
a-TTP interacts with PI(3,4)P>2. The mobility shift 
of a-TTP was increased more by PI(4,5)P> than 
by PI(3,4)P>. It was also slightly increased by 
PI(4)P and PI(3,4,5)P3 (Fig. 2, C and E, and fig. 
S1). None of the above PIPs affected the mobility of 
R59W (Fig. 2, D and F, and fig. S1). Thus, o-TTP 
binds PI(4,5)P and PI(3,4)P2 and the disease- 
associated R59 is involved in the a-TTP-PIPs in- 
teraction. Gel filtration chromatography of a mixture 
of a-TTP and PHIPI(4,5)P2 showed that PI(4,5)P, 
induced the formation of o-TTP tetramers (Fig. 2G). 
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shown below the panel, and insertions, deletions, TTPA 
and splicing mutations are indicated above the 
panel. (B) A loop representation of o-TTP (PDB: 
1R5L). a-Toc is in yellow. The side chains of R59, 
R192, and R221 are depicted as stick models. (C) 
a-[H]Toc binding assay of wild type (WT) or RSW. 
Immunoblot of a-TTP in each fraction is also indi- 
cated. (D) Intermembrane «Toc transfer activity of 
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PHIPI(4,5)P> comigrated with both the monomer 
and the tetramer. Sedimentation velocity analysis 
also confirmed the tetramer formation by PI(4,5)P2 
(fig. S2). The stoichiometry between a-TTP and 
PI(4,5)P> was ~1:1. 

Crystals of the ternary complex consisting of 
a-TTP, a-Toc, and either PI(3,4)P2 or PI(4,5)P3 
were analyzed by x-ray crystallography at 2.6 
or 2.0 A resolution, respectively (table $1). The 
crystallographic asymmetric unit contained four 
a-TTP molecules related by noncrystallographic 
222 symmetry. Each o-TTP monomer bound both 
a-Toc and PIPs (Fig. 3A and fig. S3A). a-Toc was 
located deep in the hydrophobic core of a-TTP, as 

expected (7, //). PIPs lay in close proximity to the 
oe Abs 280 nm bound a-Toc. The inositol phosphate (IP) head 
25 120kDa 30kDa ,, group was bound in the positively charged cleft 


g Ss"e 
BY? O* 
-) FFE SO 
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e _ (Fig. 3B and fig. S3B). The head groups of 

s | PI(3,4)P> and Pl(4,5)P> were clearly defined in 

) < the electron density maps, whereas the diacyl moi- 

FE = : eties of the PIPs were not visible. Only the glycerol 
cae & FA backbone and several carbon atoms of the acyl 
& < = chains were visible between the hydrophobic 
3 =  : groove formed by 9 (residues 165 to 185) and 
3 a < «10 (residues 198 to 221, termed the “lid”) in the 
a . a-TTP-PI(3,4)P2 complex. The positively charged 
1 5 10 15 20 25 cleft of a-TTP, which accommodates the nega- 

sae —— eS tively charged IP head group of PIPs, was com- 


posed of three distinct regions in the amino acid 
sequence of a-TTP (residues 58 to 68, 184 to 


Fig. 2. R59W a-TTP mutant impairs PIPs binding. (A) Binding of WT and R59W to PI(3,4)p,-_ /9!, and 214 to 222; Fig. 3A and fig. S3A). The 
derivertized beads. (B) Native PAGE analysis of o-TTP-PI(3,4)P2 interaction. Gel was stained with silver. U, side chains of R59, R68, D185, K190, R192, 
unshifted; 5, shifted. (C) Same as in (B), except that Pl or various PIPs were tested. (D) Native PAGE of wt. = 1215, K217, and R221 formed the inner wall 
or R59W with Pl or various PIPs at a concentration of 2.5 uM. (E) Same as in (C), except that gels were Of the cavity (Fig. 3C and fig. S3C). The three 
stained with SYPRO ruby and band shifts were quantified. (F) Same as in (E), except that R59W was used, —_disease-associated arginine residues (R59, R192, 
(G) PHIPI(4,5)P> binding assay. Immunoblot of a-TTP in each fraction was also indicated. For (E) and (F), | and R221)all interacted with PIPs. The side chain 
error bars indicate SE (n = 3 independent reactions). of R59 formed a salt bridge with D185 and 
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Fig. 3. Crystal structure of o-TTP-PI(4,5)P2 complex. (A) Stereo view of the 
structure of a-TTP in complex with o-Toc and PI(4,5)P>. PI(4,5)P2 and a-Toc are 
shown as stick models: C in yellow, O in red, and P in orange. Some a helices are 
indicated with their labels, and some amino acid residues with their numbers. The 
“tid” helix is in blue, and three amino acid segments forming a positively charged 
cavity are differently colored: residues 58 to 68 in salmon, 184 to 191 in magenta, 
and 214 to 222 in cyan. (B) The structure of the PI(4,5)P2 complex in electrostatic 
potential surface representation, and residues of interest, are indicated. Positive 
and negative potentials are in blue and red, respectively. (C) PI(4,5)P2 and res- 
idues surrounding the head group as stick models. Carbon atoms of protein 
residues are colored as in (A). Residues of interest and phosphate groups of 
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in Cor models. (E) c:-[7H]Toc binding assay of WT or K217A. Immunoblot of o-TTP 
in each fraction is shown below. (F) Intermembrane o-Toc transfer activity of WT or 
K217A. (G) o-Toc secretion from McA-RH7777 cells stably transfected with WT or 
K217A. Protein amounts of «.-TTP and a-tubulin were evaluated by immunoblot. 
Error bars indicate SE (n = 3 biological replicates). (H) Native PAGE analysis of WT 
or K217A with PI or various PIPs. Gel was stained with silver. U, unshifted; S, 
shifted. (I) Same as in (H), except that gels were stained with SYPRO ruby and 
band shifts were quantified. Error bars indicate SE (n = 3 independent reactions). 
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attracted negatively charged phosphates of PIPs. 
The side chains of R192 and R221 interacted 
with the 4-phosphate of the PIPs. Like the side 
chains of R59, R192, and R221, the side chain of 
K217 interacted with the 5-phosphate of PI(4,5)P2 
or the 3-phosphate of PI(3,4)P> (Fig. 3C and fig. 
$3C). Substituting K217, which is not a disease- 
related residue, with alanine did not affect in vitro 
a-Toc binding and intermembrane transfer activities 
(Fig. 3, E and F). However, K217A mutant did not 
stimulate o-Toc secretion in hepatoma cells (Fig. 
3G). None of the PIPs caused a significant mobility 
shift of K217A in native PAGE (Fig. 3, H and I, 
and fig. S1). Thus, as inferred from the crystal struc- 
ture, K217 is also required for both PIPs binding 
and the cellular a-Toc transport activities of o-TTP. 
Taken together, a-TTP binds PIPs through the 
positively charged cleft where the disease-associated 
arginine residues are clustered and PIPs binding 
is required for the cellular transport of a-Toc. 

In the a-TTP-P1(4,5)P2 complex, the hydro- 
phobic groove between a9 and 10 had a volume 
of 1147 A3, which is large enough to accommo- 
date the acyl chains. The groove was lined with 
residues with hydrophobic side chains in «9 and 
al0 (Fig. 3B). Hence, the two acyl chains are 
probably confined to the groove and are in con- 
tact with these residues through van der Waals 
interactions. Crystal structures of a-TTP in com- 
plex with a-Toc [Protein Data Bank (PDB) ID: 
1OIP and 1 RSL] and in complex with Triton X-100 
(PDB ID: 1OIZ) are known (7, //). In the a-TTP- 
a-Toe complex, bound a-Toc is isolated from the 
solvent by closing the lid (closed conformation). 


> 


In contrast, in the a-TTP-Triton X-100 complex, 
a-TTP adopts a conformation with an open lid 
(open conformation). A superposition of the open, 
closed, and PIPs-bound structures of a-TTP (Fig. 3D 
and fig. S3D) suggests that the a-TTP-PIPs com- 
plex is intermediate between the closed and open 
conformations. Thus, binding of the acyl chains of 
PIPs to o-TTP may open the lid of the hydrophobic 
groove that contains a-Toc. 

In vitro, addition of PI(4,5)P> or PI(3,4)P> to the 
acceptor liposomes increased the transfer of a-Toc 
by the wild type (Fig. 4A). Other negatively charged 
lipids such as cardiolipin or phosphatidylserine 
did not increase the transfer (fig. S4). The PIPs 
did not promote the o-Toc transfer by R59W and 
K217A (Fig. 4B). PIPs in the donor liposomes 
decreased the o-Toc transfer by the wild type 
(Fig. 4A). The antibiotic neomycin, which strongly 
binds to PI(4,5)P>, suppresses P1I(4,5)P>-related 
events by masking PI(4,5)P2 (/2, /3). Indeed, 
neomycin inhibited the in vitro a-TTP-PI(4,5)P2 
interaction (Fig. 4C). Neomycin treatment inhib- 
ited a-Toc efflux in a-TTP-expressing hepatoma 
cells, but did not significantly affect a-Toc efflux 
in the cells that did not express a-TTP (Fig. 4D), 
suggesting that PI(4,5)P> is involved in o-TTP— 
mediated o-Toc efflux from hepatocytes. 

The yeast sterol transfer protein Osh4p binds 
PI(4)P and acts as a sterol/PI(4)P exchanger 
in vitro (/4). The similarity between Osh4p 
and a-TTP in the mode of PIPs binding and the 
effect on the transfer activity is notable. Moreover, 
like Osh4p, a-TTP acted as an a-Toc/PI(4,5)P> 
exchanger: o-TTP bound a-Toc and PI(4,5)P2 
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Fig. 4. PIPs promote o-TTP— 
mediated a-Toc transfer. (A) In- 
termembrane a-Toc transfer assay 
of a-TTP using donor or acceptor 
liposomes doped with PIPs. (B) In- 
termembrane a-Toc transfer assay 
of WT, R59W, or K217A using ac- 
ceptor liposomes doped with PIPs. 
a-Toc transfer activity was presented 
as a percentage of control (no PIPs). (C) 
Native PAGE of o-TTP with PI(4,5)P> 
in the presence of neomycin (Neo). 
Gel was stained with silver. (D) 
McA-RH7777 cells or McA-RH7777 
cells stably transfected with WT 
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in a competitive manner (fig. S5) and transferred 
them between liposomes in the opposite direc- 
tion (Fig. 4, E and F). Gel filtration analysis of 
a-TTP with PI(4,5)P> and a-[*H]Toc showed that 
a-[*H]Toc bound mainly to the monomer and, to a 
lesser extent, to the tetramer (fig. S6). Given that 
the tetramer consists of PI(4,5)P2-bound a-TTP, 
the result suggests that o-TTP can bind both 
a-Toc and PI(4,5)P> simultaneously. The a-TTP- 
a-Toc-PIPs complex in the crystal structures may 
represent a transient intermediate between the 
a-Toc-bound and PIPs-bound forms. We thus sug- 
gest a potential mechanism of intracellular a-Toc 
transport by o-TTP: a-TTP containing a-Toc first 
interacts with the head group of PIPs in the tar- 
get membrane through the positively charged 
cleft. The PIPs is then transferred to a-TTP, which 
leads to opening the lid of the o-Toc—binding 
pocket and stimulates the transfer of o-Toc to the 
target membrane. As a result, o-TTP exchanges 
a-Toc for PIPs. 

PlI-binding motifs have been proposed from 
the crystal structure of the yeast Secl4 homolog 
1 (Sfh1)}-PI complex (/5) and are considered to 
be biologically important in humans, as well as 
in yeast (/6). We have shown that the disease- 
associated basic residues in the motif interact 
with PIPs and that this interaction is essential for 
the function of a-TTP. Several Sec14-like pro- 
teins bind PIPs (/0, 77-20). At least three of the 
basic amino acid residues that interact with the 
phosphate groups of PIPs in a-TTP are conserved 
(fig. S7). R103 and R234 in cellular retinaldehyde 
binding protein (CRALBP) are mutated in here- 
ditary retinopathy and are also present in the pre- 
dicted PlI-binding motifs (27). R103 and R234 of 
CRALBP correspond to R59 and K190 of a-TTP, 
respectively (fig. S7), suggesting that binding of 
PIPs to these amino acid residues has a role in 
transporting 11-cis-retinal. 

In liver cells, a-TTP is thought to catalyze 
the transfer of endocytosed a-Toc to the plasma 
membrane (PM) where a transporter secretes it 
into the circulation (22). Given that o-TTP inter- 
acted preferentially with PI(4,5)P2 and PI(3,4)P>, 
both of which are concentrated in the PM, we 
hypothesize that a-TTP transfers a-Toc to the 
PM by targeting these PIPs. Thus, PIPs binding 
may be required for a-TTP both to target the PM 
and to stimulate the release of a-Toc. 
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A Conserved Mechanism for 
Centromeric Nucleosome Recognition 
by Centromere Protein CENP-C 


Hidenori Kato,” Jiansheng Jiang,” Bing-Rui Zhou,’ Marieke Rozendaal,? Hanqiao Feng,” 
Rodolfo Ghirlando,* T. Sam Xiao,” Aaron F. Straight,? Yawen Bai** 


Chromosome segregation during mitosis requires assembly of the kinetochore complex at the 
centromere. Kinetochore assembly depends on specific recognition of the histone variant 
CENP-A in the centromeric nucleosome by centromere protein C (CENP-C). We have defined the 
determinants of this recognition mechanism and discovered that CENP-C binds a hydrophobic 
region in the CENP-A tail and docks onto the acidic patch of histone H2A and H2B. We further 
found that the more broadly conserved CENP-C motif uses the same mechanism for CENP-A 
nucleosome recognition. Our findings reveal a conserved mechanism for protein recruitment to 
centromeres and a histone recognition mode whereby a disordered peptide binds the histone 
tail through hydrophobic interactions facilitated by nucleosome docking. 


during mitosis is essential for the repro- 

duction and development of all organisms. 
Chromosome segregation is facilitated by the at- 
tachment of mitotic spindle microtubules to the 
kinetochore, which is assembled on the chromo- 
somal centromere (/). Human centromere protein 
A (CENP-A) chromatin is constitutively associated 
with a complex of 16 centromere proteins (2, 3). 
Among these 16 proteins, only CENP-C has been 
identified in all model organisms (4). CENP-C 
recognizes the carboxyl tail of CENP-A in the 
centromeric nucleosome (5, 6). Human CENP-C 
consists of four functional regions (fig. S1A). The 
N-terminal region interacts with the Mis12 complex 
(7). The central region and the CENP-C motif are 
required for targeting CENP-C to the centromere 
(5, 8-11). The central region directly binds to the 
CENP-A nucleosome, whereas the targeting mech- 
anism for the CENP-C motif is unknown. The 


T: accurate segregation of chromosomes 
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C-terminal region is responsible for CENP-C di- 
merization (/2). 

To explore how CENP-C recognizes the CENP-A. 
nucleosome, we first investigated the central re- 
gion (CENP-C426_537) alone by nuclear magnetic 
resonance (NMR) spectroscopy and found that 
it is disordered (fig. S1, B and C). We then ex- 
amined CENP-C426_537 in complex with recon- 
stituted Drosophila nucleosomes containing the 
H3\_132-LEEGLG (Leu-Glu-Glu-Gly-Leu-Gly) 
chimera. The residues in the CENP-A nucleo- 
some that are exposed for binding of CENP-C 
are essentially conserved in the Drosophila H3 nu- 
cleosome (5, /3) (fig. S2, A and B), and CENP- 
C426-537 binds to the CENP-A and Drosophila 
H3\_132-LEEGLG nucleosomes with the same 
stoichiometry and similar affinity (fig. S2, C to 
E, and fig. S3). We found that residues 426 to 
481 of CENP-C46_537 remain disordered while 
residues 482 to 537 fold into the chimeric nu- 
cleosome core (fig. S1B). 

Using methyl-based chemical shift perturba- 
tion and paramagnetic relaxation enhancement 
(14, 15), we mapped the binding sites between 
CENP-C426_537 and the chimeric nucleosome. 
Upon binding of CENP-C42¢_537, the cross-peaks 
of methyl groups of residues Leu® in H2A; 
Leu! in H2B; Leu!®, Leu', tle'”4, Leu!°, and 
Tle'*° in H3; and Tle*’ and Leu”® in H4 displayed 


large chemical shift changes, whereas those of 
Leu®™ in H2A and Val°’, Val®, Leu®”, and Val® 
in H4 disappeared (Fig. 1, A and C, and fig. 
S4), suggesting close contact of these residues 
with CENP-C426_537. We next individually mu- 
tated each of the residues Phe” 0, Valo, Val>!”, 
Tle, and Ser in CENP-C4g4537 to Cys and 
linked them to a paramagnetic spin label. Bind- 
ing of paramagnetic spin-labeled CENP-C4gq4 537 
reduced the peak intensities of the methyl groups 
in the nucleosome in accordance with their dis- 
tance from the paramagnetic center. Whereas the 
spin labels of residues Val°°? and Val?!’ mainly 
affected the methyl groups near the C-terminal 
region of the histone fold of H2B, the spin label 
of residue Ile*?> affected methyl groups at an 
acidic residue-tich region (acidic patch) (Fig. 1, 
B and C, and fig. S5). In contrast, the spin label 
of residue Ser°*> affected the methyl groups of 
H3\_132-LEEGLG near the C-terminal tail (Fig. 
1, B and C). These results indicate that CENP- 
C residues 509 to 535 bind to the histone sur- 
face, using hydrophobic residues Trp**°, Trp™*', 
Val?**, and Val°*? to recognize the LEEGLG tail 
and docking the positively charged region (Arg™', 
Arg?**, Arg®*°, and Arg>°) on the acidic patch 
region (fig. SSE, fig. S6, and supplementary text). 
The CENP-C residues 482 to 508, which in- 
clude many positively charged residues, likely 
bind to DNA (fig. S6). The CENP-C binding 
region in the core histones of the Drosophila H3 
nucleosome has the same structure as the corre- 
sponding region of the human CENP-A nucleo- 
some (/6) (fig. S7), further validating the use 
of the chimeric nucleosome. 

Deletion and isothermal titration calorimetry 
studies showed that CENP-C residues 520 to 
537 include residues critical for binding to the 
chimeric nucleosome (table $1). Alanine scan- 
ning revealed that substitution of any one of 
the Arg’, Trp°*°, or Trp**! residues with Ala in 
CENP-C,444-537 abolished binding (Fig. 2A, fig. 
S8A, and table S2). Conversely, the single charge- 
reversal mutations Glu® — Lys, Glu°? > Lys, 
and the neutralizing mutation Glu’? — Thr in 
H2A each essentially abolished the binding (fig. 
S8A and table S2). Individual substitution of 
the two Leu residues in the C terminus of H3\_;32- 
LEEGLG with Ala increased the dissociation 
equilibrium constant (Ky) by factors of ~3 and 
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~4, respectively (fig. S8A and table S2). In 
contrast, Ala substitution of the two Glu residues 
decreased Ky by factors of ~3 and ~10, respec- 
tively (table S2), indicating that the CENP-A C- 
terminal tails have not evolved for high-affinity 
binding with CENP-C. Mutation of CENP-C 
central region residues Arg”, Trp>*°, or Trp>?! 
to Ala also substantially decreased the local- 
ization of GFP-fused CENP-C;_537 to centro- 
meres in human cells, whereas the Ser??? > 
Ala and Ser*** — Ala mutations had smaller 
effects (Fig. 2B and fig. S8B). Mutation of the 
two acidic patch residues Glu®! and Glu™ res- 


\(oxidized)/I(reduced) 
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idues in H2A to either Ala or positively charged 
Lys inhibited the recruitment of CENP-C from 
the Xenopus egg extract to the reconstituted 
CENP-A nucleosome array (Fig. 2C and fig. 
S8C) (6). Neutralization of the acidic patch 
by the mutations did not disrupt the forma- 
tion of condensed CENP-A nucleosome arrays 
(fig. S9). 

The central region of CENP-C is conserved 
in most mammals, whereas the CENP-C motif 
is conserved from budding yeast to human (fig. 
S10A). Residues Arg”, Trp?*°, and Trp**!, 
which are most important for the binding of the 


Residue number 


REPORTS i 


CENP-C central region to the chimeric nucleo- 
some, are essentially conserved in the CENP-C 


motif and correspond to residues Arg”, Tyr”°, 


and Trp”!; this finding suggests that the human 
CENP-C motif may also bind to CENP-A and 
H3\_132-LEEGLG nucleosomes. Indeed, chem- 
ical shift perturbation studies indicate that the 
CENP-C motif and the CENP-C central region 
bind to similar sites on the core histones in the 
H3,_132-LEEGLG nucleosome (Fig. 3A and fig. 
S11). Furthermore, binding of the CENP-C mo- 
tifs from human, rat, fission yeast, and budding 
yeast to the H3 chimeric nucleosomes containing 
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Fig. 1. Binding sites between the CENP-C cen- 
tral region and the chimeric nucleosome mapped 
by methyl-based NMR. (A) Histone methyl chem- 
ical shift perturbation (CSP) upon CENP-C42¢_-537 
binding. (B) Effects on methyl groups by paramagnetic 
spin labels in CENP-C4gq_537. (C) Nucleosome structure 


showing representative side chains (black balls) whose methyl groups display large changes in (A) or (B), as well as approximate locations of CENP-C residues (arrows). 
Glu’? in H3 is used to represent Leu’*? in H3,-132-LEEGLG. Single-letter abbreviations for amino acid residues: C, Cys; D, Asp; E, Glu; G, Gly; |, Ile; K, Lys; L, Leu; P, Pro; 
R, Arg; S, Ser; T, Thr; V, Val; W, Trp. The histones in the front side of the nucleosome are colored orange (H2A), salmon (H2B), blue (H3), and green (H4), respectively. 
DNA and the histones in the back of the nucleosome are shown in light gray. 
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Fig. 2. Residues important for binding of the central region of CENP-C 
and the chimeric nucleosome. (A) Effects of mutations in CENP-C444-537 
on its binding to the H33_432-LEEGLG nucleosome. Asterisk indicates no de- 
tectable binding. (B) Effect of CENP-C,_;37 mutations on centromere targeting 
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in human cells (fig. S8B). Error bars denote SEM; n = 4, Student's t probability 
P < 0.02 for all mutants. 
ization of CENP-C to the CENP-A nucleosome arrays (fig. S8C). Error bars 
denote SEM; n = 4, Student's t probability P < 0.05 for both mutants. 


(C) Effect of H2A acidic patch mutations on local- 
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Fig. 3. Broadly conserved CENP-C 
motifs bind to the H3 nucleo- 
some chimera containing CENP-A 
C-terminal tails. (A) Nucleosome 
methyl CSP upon binding of the 
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ture of the rat CENP-C motif in = 0 
complex with the H3;-332-IEGGLG = _ 
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the corresponding C-terminal residues of the 
CENP-A homolog displayed reasonably strong 
affinities, with Kg values of 1.4, 0.1, 1.4, and 
0.3 um, respectively (fig. S12 and table $3). Charge 
reversal mutation of a single acidic residue in 
the acidic patch (Glu® — Lys or Glu®? > Lys) 
abolished the binding of the CENP-C motif (table 
$3). Furthermore, mutation of the conserved 
sites within the rat CENP-C motif (Arg”!”7 > 
Ala, Tyr’? — Ala, or Trp” — Ala) substan- 
tially decreased the binding affinity (fig. S12 
and table S4). Mutation of the residues corre- 
sponding to Arg’! in frog, fly, and fission yeast 
prevented targeting of CENP-C to the centro- 
mere (9—//). 

We determined the crystal structure of the rat 
CENP-C motif in complex with the correspond- 
ing H3,_;32-IEGGLG (Ile-Glu-Gly-Gly-Leu-Gly) 
nucleosome at 3.5 A resolution (Fig. 3B, fig. 


‘5 ¥ 
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$13, and table S5). In the structure, the conserved 
CENP-C motif residue Tyr’ recognizes the res- 
idues Ie'*? and Leu'” in the IEGGLG tail through 
hydrophobic interactions, inducing the IEGGLG 
tail to fold into a turn structure and promoting 
intramolecular hydrophobic interactions between 
Te!*? and Leu'?’, CENP-C residue Trp””° forms 
intramolecular hydrophobic interactions with 
CENP-C residue Tyr”, in addition to interact- 
ing with the hydrophobic region of the side chain 
of residue Arg!”? in H3,_;32. CENP-C residues 
Arg’!’ and Arg’! form electrostatic interactions 
with the acidic patch residues Gh”, Glu, Asp®, 
and Glu”! of H2A and Glu'” of H2B. Binding 
to the acidic patch was similarly found in struc- 
tures of LANA (17), RCCI (/8), and the Sir3 BAH 
domain (/9) in complex with the nucleosome. 
Whereas CENP-C motifs are well conserved 
among all species, the C-terminal tails of CENP-As 


are not (fig. S10B). We observed a common fea- 
ture in the C-terminal tails of CENP-As: They are 
more hydrophobic than those of corresponding 
H3. In particular, the C-terminal tails of CENP-As 
have at least one bulky hydrophobic residue such 
as Tle, Leu, Val, or aromatic residues (with the 
exception of fission yeast), which are absent in 
the C-terminal tails of H3. In addition, nucleo- 
somes containing chimeric H3;_;32-QFI (C-terminal 
tail of CENP-A in budding yeast) bound to the 
central region and the CENP-C motif of human 
CENP-C with affinity similar to that of nucleo- 
somes containing H3,_)32-LEEGLG (Fig. 4 and 
table S3). Thus, the higher hydrophobicity of 
the C-terminal tail of CENP-A, rather than a spe- 
cific amino acid sequence, is the key determinant 
for specific recognition by CENP-C. 

Our findings can explain diverse experimen- 
tal results in the literature. In human cells, the 
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Fig. 4. Hydrophobicity of the CENP-A tail is 
the primary determinant for recognition of the 
CENP-A nucleosome by CENP-C. Isothermal ti- 
tration calorimetric curves are shown for binding 
of the human CENP-C central region (CENP-C4q4_537) 
and the CENP-C motif (CENP-C7277¢7) to nucleosomes 
containing H3,-132-LEEGLG (human) and H33-132- 
QFI (budding yeast), respectively. 


CENP-C¢3g-943 fragment, which contains the 
CENP-C motif and the dimerization domain, is 
capable of being targeted to the centromere when 
overexpressed (20). In Xenopus, chromatin in 
which H2A/H2B is replaced by protamines 
does not support CENP-C localization to the cen- 
tromere of sperm (9, 2/). However, CENP-C 
colocalizes with CENP-A upon addition of egg 
extract, because the histone chaperone nucleo- 
plasmin catalyzes the eviction of protamines 
and the incorporation of H2A/H2B dimers into 
the sperm chromatin (2/). The function of hu- 
man CENP-A can be complemented by the bud- 
ding yeast Saccharomyces cerevisiae homolog 
Cse4 (22) (Fig. 4). Our study also suggests that 
CENP-C can recognize CENP-A chromatin 
through multivalent interactions, allowing it to 
associate more strongly and selectively (figs. 
$14 and S15) (20, 23). In addition, our results 
have implications for various structural models 
of the centromeric nucleosome, a widely dis- 
cussed and controversial topic (24). The finding 
that the broadly conserved CENP-C motif in a 
dimeric CENP-C could bind to two H2A/H2B 
and two CENP-A/H4 molecules constrains these 
models because CENP-C is constitutively asso- 
ciated with the centromeric nucleosome. Our 
study provides the structural basis for the rec- 
ognition of the CENP-A octameric nucleosome 
by CENP-C. Further understanding of how it 
engages chromatin should provide important 
insight into favored compositions of CENP-A 
nucleosomes. 

Our finding that the widely conserved CENP-C 
motif binds to the centromeric nucleosome, along 
with the recent identification of the budding yeast 
homologs of the vertebrate centromere proteins 
CENP-T and CENP-W (25, 26), supports a con- 
served mechanism of centromere targeting by 
the kinetochore. Furthermore, our study has re- 
vealed a histone recognition mode whereby an 
intrinsically disordered peptide binds to the his- 
tone tail through hydrophobic interactions facil- 
itated by nucleosome docking; this broadens the 


repertoire of the cell to “read” histone variations 
(27, 28), not only at the centromere but possibly 
also in other contexts. 
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Structure of RSV Fusion Glycoprotein 
Trimer Bound to a Prefusion-Specific 
Neutralizing Antibody 


Jason S. McLellan,** Man Chen,* Sherman Leung,* Kevin W. Graepel,* Xiulian Du,* 
Yongping Yang,’ Tongqing Zhou,’ Ulrich Baxa,* Etsuko Yasuda,? Tim Beaumont,? 
Azad Kumar,? Kayvon Modjarrad,* Zizheng Zheng,* Min Zhao,* Ningshao Xia,* 


Peter D. Kwong,’* Barney S. Graham* 


The prefusion state of respiratory syncytial virus (RSV) fusion (F) glycoprotein is the target of 

most RSV-neutralizing activity in human sera, but its metastability has hindered characterization. 
To overcome this obstacle, we identified prefusion-specific antibodies that were substantially 
more potent than the prophylactic antibody palivizumab. The cocrystal structure for one of these 
antibodies, D25, in complex with the F glycoprotein revealed D25 to lock F in its prefusion 

state by binding to a quaternary epitope at the trimer apex. Electron microscopy showed that two 
other antibodies, AM22 and 5C4, also bound to the newly identified site of vulnerability, which 
we named antigenic site @. These studies should enable design of improved vaccine antigens and 
define new targets for passive prevention of RSV-induced disease. 


espiratory syncytial virus (RSV) infects 
R= all children by 3 years of age (/) 

and is a leading cause of infant hospital- 
ization and childhood wheezing (2, 3). Globally, 
RSV accounts for 6.7% of deaths among infants 
1 month to 1 year old—more than any other sin- 
gle pathogen except malaria (4). The only inter- 
vention is passive administration of the licensed 
monoclonal antibody palivizumab (Synagis), 


which recognizes the RSV fusion (F) glycoprotein 
(5, 6) and reduces incidence of severe disease (7). 
Clinical evidence that RSV F-specific antibodies 
can protect against disease has prompted a search 
for better antibodies (8—/0) and a concerted effort 
to develop an effective vaccine (//). 

RSV F is a type I fusion protein (/2) that 
rearranges from a metastable prefusion confor- 
mation to a highly stable postfusion structure. 


www.sciencemag.org SCIENCE VOL 340 31 MAY 2013 


1113 


: REPORTS 


1114 


Three previously described antigenic sites (I, II, 
and IV) associated with neutralizing activity (/3—/5) 
exist on the postfusion form of F (/6, 17). Ab- 
sorption of human sera with postfusion F, however, 
fails to remove most of the F-specific neutralizing 
activity, suggesting that there are neutralizing 
antigenic sites unique to the prefusion form (/8). 
Thus, determining the prefusion RSV F structure 
and identifying antibodies that bind prefusion- 
specific antigenic sites have become converging 
priorities for developing new antibodies and vac- 
cines to prevent RSV infection. 

From mice immunized with gene-based vec- 
tors expressing the F protein (/9), we isolated an 
antibody, 5C4, that was 50 times as potent as 
palivizumab (Fig. 1A) and did not bind to a sol- 
uble form of RSV F stabilized in the postfusion 
conformation (/6) (Fig. 1B). We determined that 
5C4 shared these properties with two recent- 
ly isolated human antibodies, D25 and AM22 
(10, 20, 21) (Fig. 1, A and B), and we hypoth- 
esized that these antibodies recognized the meta- 
stable prefusion conformation (22). 

We focused our structural efforts on the hu- 
man antibodies by first screening their binding to 
a panel of RSV F glycoprotein variants (23). We 
observed D25 and AM22 antibody binding to a 


1vaccine Research Center, National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, Bethesda, MD 
20892, USA. “Electron Microscopy Laboratory, Advanced Tech- 
nology Program, SAIC-Frederick, Inc, Frederick National Lab- 
oratory for Cancer Research, Frederick, MD 21702, USA. 3AIMM 
Therapeutics, Academic Medical Center, Amsterdam, Nether- 
lands. “National Institute of Diagnostics and Vaccine Develop- 
ment in Infectious Diseases, Xiamen University, Xiamen, China, 
361005. 


*Corresponding author. E-mail: mclellanja@niaid.nih.gov 
(J.S.M.); pdkwong@nih.gov (P.D.K.) 


Fig. 1. RSV neutralization, F glycoprotein rec- 
ognition, and crystal structure of human antibody 
D25 in complex with the prefusion RSV F trimer. 
The prefusion conformation of RSV F is metastable, 
and when expressed in a soluble form readily adopts 
the postfusion state; a number of potent antibodies, 
including D25, bind to a newly revealed antigenic 
site at the top of the prefusion F glycoprotein. (A) 
RSV neutralization by antibodies. Palivizumab is the 
U.S. Food and Drug Administration (FDA)—approved 
prophylactic antibody that prevents severe RSV dis- 
ease. (B) Enzyme-linked immunosorbent assay mea- 
suring antibody binding to postfusion F glycoprotein. 
For (A) and (B), data are representative of multiple 
independent experiments. (C) D25-RSV F trimer crys- 
tal structure in ribbon and molecular surface repre- 
sentations. One protomer of the F glycoprotein trimer 
is shown as ribbons and colored as a rainbow from 
blue to red, N terminus of F2 to C terminus of Fy, 
respectively. Molecular surfaces are shown for the 
other two F protomers, colored pink and green. The 
D25 Fab bound to the F protomer shown in ribbons 
is also displayed in ribbon representation, with the 
heavy chain colored red and light chain colored gray. 
The other D25 Fabs are colored the same, but shown 
in surface representation. 
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construct, RSV F(+) Fd, comprising residues | to 
513 fused to a C-terminal fibritin trimerization 
domain (24). However, we failed to form com- 
plexes by mixing purified RSV F(+) Fd with 
purified D25 or AM22, suggesting that F was 
triggered during purification (25). To capture F in 
its prefusion state, RSV F(+) Fd was expressed as 
a complex with D25. Optimal expression was 
obtained from cotransfection of DNA encoding 
D25 Fab with DNA encoding RSV F(+) Fd (fig. 
S1). X-ray diffraction data to 3.6 A resolution 
were obtained on crystals of this complex, and the 
structure was solved by molecular replacement 
using the unbound D25 Fab structure (table S1) 
and portions of the postfusion RSV F structure 
(6, 17) as search models. The structure was re- 
fined to Royst/Rtree Of 21.3/26.7% (Fig. 1C and 
table S1). 

The D25-bound RSV F structure resembled 
the prefusion structure of the related parainfluenza 
virus 5 (PIV5) F glycoprotein (26, 27), indicating 
that D25 binding stabilizes RSV F in the pre- 
fusion conformation (fig. S2). Comparison with the 
postfusion RSV F glycoprotein structure (/6, 17) 
revealed that most of the secondary and tertiary 
structure was preserved in both pre- and post- 
fusion states, with 215 residues showing less than 
2 A Ca deviation between the two structures 
(Fig. 2). In contrast, regions at the N and C termini 
of the F, subunit showed marked conformation- 
al changes. The fusion peptide, located at the 
N terminus of F,, and five secondary-structure 
elements (a2, 03, a4, and the 83/84 hairpin) re- 
arrange and fuse with the a5 helix to form a sin- 
gle extended postfusion helix (05,51) of >100 A 
in length (fig. $3), At the C terminus of F,, the 
sole parallel strand (622) unravels, allowing the 
prefusion o10 helix to move toward the a5post 
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helix. Similar rearrangements are observed in the 
comparison of prefusion PIV5 and postfusion 
parainfluenza virus 3 (PTV3) F glycoprotein struc- 
tures (27), indicating that F glycoproteins from 
both the Paramyxovirinae (PIV5/PIV3) and Pneu- 
movirinae (RSV) subfamilies undergo similar con- 
formational rearrangements to facilitate membrane 
fusion. 

Despite overall similarities between the PIVS 
and RSV F prefusion structures, there are distinct 
differences important for function and antigen- 
icity. In the prefusion RSV F structure, the helix- 
loop-helix (a6 and a7) motif that constitutes 
antigenic site II is located further away from the 
three-fold trimer axis than is the homologous 
region in PIVS F (fig. S4). This repositioning 
exposes the face of the helix-loop-helix bound by 
palivizumab and motavizumab, allowing these 
antibodies to bind prefusion RSV F without first 
requiring a conformational rearrangement to occur 
as originally suggested on the basis of modeling 
with the PIVS F structure (28). 

Another difference is that the RSV F fusion 
peptide is buried in the center of the trimer cavity, 
with its N terminus located more than 40 A away 
from the last visible F2 residue (Fig. 2). In con- 
trast, the PIV5 F fusion peptide lies in a surface 
groove between subunits, is partially exposed to 
solvent (27), and undergoes minimal movement 
after protease cleavage (26). This suggests that 
in RSV F, a substantial structural rearrangement 
of the fusion peptide occurs after the Fo pre- 
cursor is cleaved by the furin-like host protease 
to produce F; and F, subunits (29). In compar- 
ison to other structures of cleaved, type I fusion 
proteins (26, 30, 3/), the location of the RSV F 
fusion peptide is most similar to that of influenza 
hemagglutinin (3/7) (fig. S5), which is surprising 
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given that hemagglutinin is triggered by acidic 
pH in the endosome, whereas RSV F triggering is 
pH-independent and thought to occur at the cell 
surface (32). 

In the RSV F prefusion trimer, the C-terminal 
helices (a.10) form an inverted pyramid (fig. $4). 
In contrast, the C-terminal helices in the PIVS F 
trimer form a coiled-coil, which was stabilized by 
a coiled-coil GCN4-trimerization motif (27). The 
addition of this motif was sufficient to stabilize 
PIVS and human metapneumovirus (hMPV) F 
proteins in the prefusion state (27, 33). The in- 
verted pyramid conformation observed in the 
RSV F structure may explain why RSV F could 
not be expressed with the GCN4 motif, but could 
be expressed with the fibritin trimerization do- 
main (24). The addition of the fibritin domain 
was not, however, sufficient to stabilize RSV F in 
the prefusion state, suggesting that it is not an 
optimal substitute for the native transmembrane 
domains that normally stabilize F in the viral mem- 
brane (34). The binding of antibody D25 was thus 
required to stabilize the prefusion trimer. 

D25 recognizes a quaternary epitope at the 
membrane-distal apex of the RSV F glycoprotein 
(Fig. 1C). The D25 heavy chain interacts with 
one protomer (involving 638 A? of interactive 
surface area on F), and the D25 light chain binds 
to the same protomer (373 A’) and a neighboring 


RSV F(+)Fd 
26 109 137 


Movement >5 A c 


Prefusion F 
trimer 


protomer (112 A?) (Fig. 3A). D25 contacts RSV 
F with five of its six complementarity-determining 
regions (CDRs), with the heavy-chain third CDR 
interacting with the a4 helix (F, residues 196 to 
210) and forming intermolecular hydrogen bonds 
with F, residues 63, 65, 66, and 68 in the loop 
between strand B2 and helix al. Whereas the 
secondary structure of the D25 epitope remains 
mostly unchanged in pre- and postfusion con- 
formations, the tertiary structure changes sub- 
stantially, with helix a4 pivoting ~180° relative 
to strand B2 (Fig. 3B). This explains the failure 
of D25 to bind postfusion F and suggests that 
D25 neutralizes RSV by fixing F in its prefusion 
conformation. 

D25 binds the least conserved region on the F 
glycoprotein (Fig. 3C). Although F proteins from 
human RSV A and B subtypes are highly related 
in sequence (447 of 472 or 94.7% of the amino 
acids comprising the mature F2/F, ectodomain 
are identical), six naturally observed sequence varia- 
tions are located in the region bound by D25 (Fig. 
3D). Similarly, of the 56 amino acids in bovine 
RSV F that are not identical to the mature ectodo- 
main of human RSV F subtype A, 13 are found in 
this same region (Fig. 3D). Thus, the D25 epitope, 
at the apex of the prefusion RSV F structure, may 
be under immune pressure and serve as a deter- 
minant of subtype-specific immunity (35, 36). 
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To investigate whether AM22 and 5C4 bind 
the D25 epitope, we performed competition binding 
and electron microscopy (EM) experiments. We 
determined that D25 binding to RSV-infected cells 
was competed by AM22 and 5C4 (Fig. 4A). In 
addition, negative-stain EM images of Fab D25- 
RSV F complexes resembled the EM images of 
Fab AM22-RSV F and Fab 5C4-RSV F complexes 
(Fig. 4B). Together, these results suggest that an- 
tibodies D25, AM22, and 5C4 recognize the 
same or a highly related epitope, which we named 
“antigenic site ©.” In addition to their extraordi- 
nary potency and prefusion specificity (Fig. 1A), 
all three antibodies strongly inhibited fusion when 
added after attachment (Fig. 4C), and all three 
were unable to block cell-surface attachment (Fig. 
4D), suggesting that the putative RSV F receptor 
binds to a region on F not blocked by these anti- 
bodies. AM22 and D25 antibodies also neutral- 
ized similarly in both Fab and immunoglobulin 
contexts (fig. S6), indicating that avidity was not 
required for potent neutralization, in contrast to 
what was previously observed for some influenza- 
virus antibodies (37). Thus, antigenic site @-specific 
antibodies are distinct from neutralizing anti- 
bodies to other known antigenic sites on RSV F 
because of their exclusive recognition of the 
prefusion F structure and extremely high potency 
(fig. S7). 
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Fig. 2. Structural rearrangement of RSV F. To mediate virus-cell entry, 
the RSV F glycoprotein transitions from a metastable prefusion conformation 
to a stable postfusion conformation. Outer images display prefusion (left) 
and postfusion (right) trimeric structures, colored the same as in Fig. 1C. A 
complex glycan, shown as sticks, is modeled at each of the three N-linked 
glycosylation sites found in the mature protein. Inner images display a single 
RSV F protomer in ribbon representation, colored as a rainbow from blue to 
red, N terminus of Fz to C terminus of F,, respectively. Select secondary- 


structure elements are labeled (correspondence with amino acid sequence in 
pre- and postfusion conformations is shown in fig. S3). Inset: Schematic of 
the mature RSV F protein in the RSV F(+) Fd construct. The rainbow coloring 
of the boxes representing the F2 and F, subunits matches that in the 
structures. Glycans are shown as branches on top of the boxes, and disulfide 
bonds are shown as black lines under the boxes. Amino acids that move 
more than 5 A in the pre- and postfusion conformations are indicated by 
black bars. 
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Antigenic site @, located at the apex of the 
prefusion F trimer, should be readily accessible 


explain the observation that most neutralizing 
activity in human sera induced by natural RSV 


RSV F (/8). That the three antibodies described 
in this study recognize antigenic site @ at dif- 


even on the crowded virion surface, which may __ infection is directed against the prefusion form of _ ferent angles (Fig. 4B) and share low sequence 


Fig. 3. RSV F interface with D25. Antibody D25 
binds a quaternary epitope spanning two proto- 
mers at the apex of the prefusion F trimer. (A) 
Close-up of the interface between D25 and RSV F. 
Side chains of F residues interacting with D25 are 
labeled and shown as sticks. Oxygen atoms are 
colored red and nitrogen atoms are colored blue. 
Hydrogen bonds are depicted as dotted lines. The 
two images are related by a 90° rotation about 
the vertical axis. (B) Position and conformation of 
the D25 epitope on the prefusion and postfusion 
F molecules. RSV F residues at the D25 interface 
are colored red; polarity of 0.4 and O:5post is indicated 
with arrows, with fragment N and C termini indi- 
cated. (C) Surface representation of RSV F colored 
according to sequence conservation. Coloring 
was generated with the ConSurf server (40) using 
178 F glycoprotein sequences from human RSV sub- 
type A and B, as well as bovine RSV. (D) Sequence 
conservation of F residues in regions recognized by 
D25. Amino acids in human RSV subtype B (hRSV/B) 
or in bovine RSV (bRSV) that differ from hRSV/A are 
colored red. Ectodomain is defined as F residues 26 to 
109 and 137 to 524. Abbreviations for the amino 
acid residues are as follows: A, Ala; C, Cys; D, Asp; E, 
Glu; G, Gly; H, His; |, Ile; K, Lys; L, Leu; N, Asn; P, Pro; 
Q, Gln; R, Arg; S, Ser; T, Thr; and V, Val. 
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Fig. 4. Antigenic site @. Highly effective RSV- 
neutralizing antibodies target a site at the membrane- Y 
distal apex of the prefusion F trimer. (A) The ability of 
antibodies to block D25 binding to RSV-infected cells 
was measured as a function of antibody concentration. 
(B) Analysis of RSV F-Fab complexes by negative-stain 
electron microscopy (EM): Reprojection of a 12 A slice 
through the crystal structure of RSV F + D25 Fab 
filtered to 10 A resolution (left). A slice was used to 0 
emphasize visibility of the F glycoprotein cavity. 103 102 107% 10° 10% = 102 
Aligned average of 263 particles of RSV F + D25 ug/ml 

Fab (middle left). Aligned average of 550 particles of 
RSV F + AM22 Fab (middle right). Aligned average of 
171 particles of RSV F + 5C4 Fab (right). Scale bar, 
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homology suggests that there may be many other 
antibodies within the repertoire capable of recog- 
nizing this prominent epitope. The high potency 
of antibodies against antigenic site © suggests 
that they could be developed for passive prophylaxis 
of RSV-induced disease in neonates. Notably, the 
immunogen-elicited 5C4 antibody provides proof- 
of-principle that antibodies against antigenic site 
® can be induced by gene-based immunization 
presenting the native form of F. Vaccine antigens 
stabilized in the prefusion conformation, perhaps 
facilitated by linking mobile and immobile por- 
tions of F with disulfide bonds, may further im- 
prove elicitation of antibodies to antigenic site O. 
Definition of the D25-RSV F structure thus pro- 
vides the basis for new approaches to prevent 
RSV-induced disease. 
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Mass Spec Imaging: 
From Bench to Bedside 


There’s a lot of high 
histology stains are sharing bench 
DNA sequencers, and microarray readers 
of chemists and proteomicists, mass spectrometry has 


more recently 


bona fide clinical tool. Now a new application is heading to the clinic, m 


By Jeffrey M. Perkel 


e human beings are built to gather a tremendous amount 
of information visually,” says Richard Caprioli, the Stan- 
ford Moore Chair of Biochemistry and director of the 
Mass Spectrometry Research Center at Vanderbilt University School 
of Medicine. “We love patterns, we love pictures, and we get a great deal 
of information by looking at a simple picture.” 

That, Caprioli says, explains in part the growing popularity of mass spec 
imaging (MSI): It plays into the expertise that histologists, in particular, 
spend years developing. “The fact that it’s in molecular dimensions rather 
than a color dimension, is less important, as long as that molecular dimen- 
sion is more informative,” he says. 

MSlis like a high throughput form of immunohistochemistry, but without 
the antibodies. Instead of proactively staining tissue sections for specific 
markers, MSI uses the mass spec to pick out and map the spatial arrange- 
ment of hundreds or thousands of molecular species at once. The technique 
can do that without the researcher knowing a priori what molecules might 
be important, and do so quickly. “We have lasers now on our instruments 
that can do 5,000 mass spectra per second,” Caprioli says—fast enough to 
scan an entire tissue microarray, containing hundreds of patient biopsies, in 
under an hour. 

On the other hand, MSI also presents significant hurdles. Imaging resolu- 
tion improves with decreasing spot size, for instance, but at the cost of de- 
creasing ionized material yield. With no prefractionation steps, MSI tends to 
sample only the most abundant molecules. And on the computational side, 
figuring out how to work with those data, and especially making sense of 
them, is particularly challenging. Nevertheless, researchers are now using 
MSI to localize drug metabolites in tissue sections with subcellular resolu- 
tion, pin down disease biomarkers, and identify tumor boundaries, among 
other applications. They are even taking the technique into the clinic—or 


at least, just outside of it. 


MSI STRATEGIES 

So just what is MSI? Picture a standard digital photograph. The colors in 
digital images are built by overlaying three color channels, red, green, and 
blue, with the color of any pixel given by the intensity of those colors in its 


tiny slice of screen real-estate. 
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Proteomics 
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ce with flow cytometers and microfluidic processors, 
and mass spectrometers. Long the province 
stablished itself as a 


pec Imaging. 


View into the inlet of a flight tube of a 
triple quadrupole mass spectrometer 


Now imagine an image with thousands 


of color channels. That’s exactly what MSI 


MSI uses the 


does, Caprioli says, devoting one channel 
: = mass spec to 


to each particular molecular species—or 
pick out and 


mass spectral peak—you wish to represent. 


By overlaying those different channels, re- map the spatial 
searchers can produce a Technicolor map of 
a tissue’s molecular makeup and spatial dis- arrangement 


tribution, whether of proteins, neuropep- of hundreds or 
tides, metabolites, or increasingly, lipids. 

; sy "Ph thousands of 
Researchers have devised dozens of strat- 


egies for doing MSI, but as described in a molecular 
2012 review (J. Proteomics, 75:4883, 2012) species 
three are the most common. Caprioli’s ap- 

at once. 


proach, matrix-assisted laser desorption 
ionization (MALDI)-MSI, builds an im- 
age by rastering an ultraviolet laser over a 
matrix-coated tissue slice. Pixel size in this 
technique is typically on the order of 1 to 
10 um or so, meaning it can achieve sub- 
cellular resolution. But because it requires 
deposition of a MALDI matrix and vacuum 
conditions, MALDI-MSI is incompatible 
with living samples. Also, the matrix, which 
serves to absorb the laser energy and trans- 
fer it to the sample itself, can be difficult 
to apply and produces an abundance of 
small molecular weight ions, which can ob- 
scure the metabolite region of the resulting 
spectra. 

Nick Winograd, the 
Professor of Chemistry at Pennsylvania 


Evan Pugh 
State University, uses a second approach, 
secondary ion mass spectrometry (SIMS). 
SIMS by 
“sputtering” a sample surface with an ion 


induces sample ionization 
beam (for instance, charged C60 or argon 
cluster beams from U.K.-based Ionoptika) 
rather than a laser, an approach that offers 
two advantages, Winograd says. The first 


is resolution: SIMS can produce pixels on 


the order of 300 nm or so, compared to, 
at best, 1 mm with MALDI. The other is 


molecular depth profiling, continued> 
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which allows researchers to use the collision-induced craters to “dig into” a 
sample and map its molecular composition in three dimensions. 

The third strategy is DESI (desorption electrospray ionization), an ambi- 
ent (that is, non-vacuum) ionization method in which a stream of solvent is 
sprayed at an untreated tissue surface, where it pools and extracts surface 
molecules. Additional droplets splash that extracted material into the mass 
spectrometer, where it is ionized and analyzed. (DESI has been commer- 
cialized by Prosolia, a company cofounded by R. Graham Cooks, the Pur- 
due University chemist who developed the technique.) 

DESI, MALDI, SIMS, and their variants all operate in what Ron Heeren 
of the FOM-Institute AMOLF in Amsterdam calls a “microprobe” mode, 
in which resolution increases with decreasing pixel size. The challenge there 
is to maximize sample ionization from the smallest possible spot. But small- 
er spots mean fewer ions to detect, not to mention longer imaging times 
(as there are more pixels). 

Heeren favors an alternative “microscopy” mode, which actually uses de- 
focused pixels for faster imaging, plus a pixelated detector, like a CCD, to 
effectively capture 262,144 (512x512) spectra at once. 

“It’s like a photo camera,” Heeren explains. “The only thing is, we make 
molecular flash photographs.” 

Key to this “mass microscope,” as Heeren calls it, is the Timepix detec- 
tor, which essentially is a cross between a CCD and a time-of-flight mass 
analyzer. (Timepix is available from Omics2Image, a company Heeren co- 
founded.) Most mass spec detectors, he explains, treat the detector as one 
large pixel, integrating all ion collisions over the surface into a single signal; 
Timepix splits that signal into 262,000 spatially resolved ones, such that the 
spatial orientation of molecules on the imaged surface is maintained and 
recorded as they strike the detector, producing an ultrafast image. 

How fast? A MALDI-MSI instrument capable of one-micron resolution 
and one second per pixel would take 2.7 hours to image the 10,000 pix- 
els in a 100x100 mm area, Heeren says. Using the mass microscope and a 
Timepix detector, “We get the same information in a second.” 

The rest of the microscope is a Physical Electronics TRIFT SIMS-TOF 
system tricked out with a second MALDI source, which Heeren’s team 
recently used to explore the biological changes underlying osteoarthritis. 
“We could actually show that both on the protein level, the lipid-metabolite 
level, as well as the mineralization of the cartilage combined lead to the loss 
of mechanical strength in the cartilage,” he says. 


AMBIENT MSI 

Ambient ionization methods like DESI and LAESI, a laser-based alterna- 
tive commercialized by Protea Biosciences, offer several advantages over 
MALDI and SIMS. Most significantly, they require no sample preparation, 
and operate in ambient air rather than a vacuum. Thus, they can be applied 
to live samples, or even a human patient. 


That’s a goal Cooks has been working towards for decades. “Doing mass 


2 spectrometry without do- 


Ultimately, if MSlistoreach "SSPE Workup has actu- 
the clinic it must expand 


ally been a personal, lifelong 
quest,” he says. 
As a graduate student, Cooks 


beyond the mass spec 

worked to extract and deter- 
cognoscenti and into the mine the structure of plant 
alkaloids. After a frustratingly 


long time, during which he ex- 


hands of those who will be 


wslngt. tracted only “a little bit of im- 


pure alkaloid and was making 
no progress on the structure,” an encounter with a visiting speaker, Carl 
Djerassi of Stanford University, opened his eyes. Djerassi, Cooks says, 
took a sample of his material back to the lab, collected mass spectra, and 10 
days later returned its structure. “That convinced me of the power of mass 
spectrometry,” Cooks says. “And, at the same time, I was convinced of the 
limitations of the extraction methodologies.” 

Since then, he has worked steadily to decouple mass spectrometry from 
some of its less-biologically friendly technical limitations, developing sev- 
eral ambient ionization methods, most notably DESI. In 2011, a team led 
jointly by Cooks and Nathalie Agar at Harvard Medical School applied 
DESI-MS to banked brain cancer tissues, using the resulting lipid profiles to 
teach a computer how to differentiate different forms and histopathologic 
grades of glioma (a brain tumor). 

Lipids might seem an odd choice for such an analysis. Indeed, their popu- 
larity among MSI practitioners is something of a lemonade-from-lemons 
situation. In standard cellular analyses, researchers can fractionate cell ex- 
tracts to remove unwanted components, often including lipids. But in MSI 
and other in situ applications, researchers must image what’s in front of 
them. And what's in front of them, for the most part, is lipids. Fortunately, 
lipids are not only abundant—and exceptionally ionizable—they also are 
highly informative. 

“If you are looking at just lipids, the histological specificity is much bet- 
ter than looking at proteins,” says Zoltan Takats, a reader in Medical Mass 
Spectrometry at Imperial College London. 

More recently, Cooks and Agar applied their approach to 32 surgical 
specimens taken from five brain cancer patients currently under treatment. 
Pixel-by-pixel, the system reported the tumor subtype, grade, and fraction 
of cancerous cells. Using those data, the team could resolve specific regions 
of different histopathologic grade, complementing MRI data in mapping 
tumor boundaries, Cooks says. And they did all that, he emphasizes, using 
“bottom-of-the-line” mass spectrometry, a unit-resolution single- (as op- 
posed to tandem-) stage Thermo Fisher LTQ ion trap. 

Still, this was a research project; the team could not communicate those 
findings to the surgeons in real time, Agar notes, as the samples were col- 
lected in Boston but imaged in Indiana. Since then, her team has installed 
a DESI-enabled Bruker amaZon Speed ion trap in Brigham and Women’s 
AMIGO (Advanced Multimodality Image Guided Operating) surgical suite, 
part of the hospital’s National Center for Image Guided Therapy, and tested 
it on brain tumor cases. Breast cancer testing could come soon, but the 
team still cannot guide the surgeons actually doing the cutting, Agar says; 
the methodology first must be validated, “which will eventually need a 
clinical trial to do so.” 


SIMPLIFYING DATA ANALYSIS 
Ultimately, if MSI is to reach the clinic it must expand beyond the mass 
spec cognoscenti and into the hands of those who will be using it. Yet few 
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clinicians are well versed in the nuances of MSI technology, data handling, 
and informatics, and even fewer likely have the time to become so. The 
technology cannot spread if it requires “extremely expensive and delicate 
and Ph.D.-run mass spectrometry,” Cooks says. “It’s got to all be automated 
and the instrument's got to be rugged and reliable and relatively simple.” 

For typical histopathology applications that shouldn’t be much of a prob- 
lem, as the systems can be configured as turnkey boxes programmed to 
look for specific biomarkers. Non-imaging mass specs already are used rou- 
tinely in clinical laboratories worldwide, including Bruker’s MALDI Bio- 
Typer and Sequenom’s MassARRAY. Caprioli imagines arming histologists 
and pathologists with under-the-desk MSIs that behave like microscopes. 
The lab techs simply need to be taught how to prepare sample and operate 
the machine, and the software can take care of the rest. 

But more complex applications like biomarker identification are another 
matter. “The datasets in mass spec imaging scale with the number of pixels 
in the image and the resolution of the mass spectrometer, and in recent 
years those are the two things that have drastically changed,” says Ben Bow- 
en, a research scientist at Lawrence Berkeley National Laboratory, 
who develops MS imaging data analysis software. 

Pixels have been shrinking while resolving power has increased. At the 
same time, researchers performing discovery mode experiments don’t 
know a priori which molecules are important, so they have to consider all 
of them, running countless pairwise comparisons on thousands upon thou- 
sands of color channels. 

All those pixels add up. Bowen’s colleague Trent Northen, who uses MS 
imaging in his own work, has collected terabytes of data over the years, he 
says. For newbies, just opening the datafiles can be challenging, making 
them reliant on more knowledgeable experts. “You can understand why this 
leaves a bad taste in a scientist’s mouth,” Bowen says. 

To mitigate that problem, Northen and Bowen worked with Berkeley 
Lab data visualization scientist, Oliver Ruebel to develop a cloud-based 
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platform called OpenMSI, which allows users to view and manipulate 


cloud-based MS imaging data directly in a web browser. The system derives 
its power from the U.S. Department of Energy-funded National Energy 
Research Scientific Computing Center (NERSC) supercomputer, Bowen 
says, reducing processing time from days to minutes. 

Bowen says one of his and Northen’s collaborators was able to use 
OpenMSI to traverse a 50 gigabyte dataset she had collected a year-and- 
a-half earlier but had never been able to access. “Now she’s doing it in 
[Google] Chrome,” he says—viewing the RGB images, examining the un- 
derlying spectra, and sharing the data with colleagues. “All the things that 
you would expect in the 21st century that the Internet offers, we’ve made 
that possible for MS imaging through OpenMSI.” 


MASS SPEC IN THE OR 

But for the ultimate in clinical translatability, researchers may have to shed 
the imaging part of MSI altogether. That’s what Imperial College London’s 
Takats has done. 

Takats, Cooks’ former postdoc and lead author on the paper first de- 
scribing DESI, developed and is testing a new ambient ionization technique 
called rapid evaporative ionization mass spectrometry (REIMS) and a device 
called the ‘Intelligent Knife’ (iKnife), which enables surgeons to assess the 
histology and histopathology of tissue in situ, right in the operating room. 

“The final device is very simple,” Takats explains, and relies on electro- 
surgery, a cutting technique that uses electrical current to vaporize tissue. 
That process releases smoke, a combination of tar, particulates and ionized 
lipids, which the iKnife continuously samples through an attached Teflon 
tube coupled to a mass spec inlet. 

Over the past several years, Takats has built up a database of some 200,000 
lipid profiles of human cancers and healthy tissue, and using those data, he 
has identified the lipid biomarkers that can distinguish one from the other. 
As a result, his system can, using the ionized lipid profiles arising during 
electrosurgical procedures, determine essentially in real time whether the 
tissue under the iKnife is healthy or cancerous, as well as its histologic state. 

To be clear, this isn’t imaging. “The answer that comes out is histology- 
level identification,” Takats says. “The system would say that this is a non- 
small-cell lung cancer, grade 2—something like that.” 

The iKnife (being developed by MediMass and Imperial College) has al- 
ready been tested in the course of more than 500 interventions to date in 
Hungary, Germany, and the United Kingdom, producing “in most of the 
cases close to 100% correct classification,” Takats says. That’s over a range 
of tumors including gastrointestinal, liver, lung, breast, and brain. In some 
cases, the technique revealed that what surgeons thought were tumors ac- 
tually were something else, such as benign tissue or inflammatory disease. 
Now Takats is working on a new system to perform similar assessments of 
growths for endoscopy. 

Ultimately, says Takats, such applications could make MSI “meaningful” 
not only as a research tool but as a routine clinical technique. Histopatholo- 
gists, he notes, will likely be reluctant to adopt such a comparatively slow 
and expensive technology. But speed and cost will improve, he says. If the 
technology enables physicians to make a diagnosis in seconds, and in vivo, 
that previously took at best a half-an-hour after dissection, uptake of the 
technology could grow. 

“It gives an advantage to this bundle which histopathology cannot com- 
pete with,” he says. 


Jeffrey M. Perkel is a freelance science writer based in Pocatello, Idaho. 
DOI: 10.1126/science.opms.p1300076 
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The Prelude SPLC sample preparation and liquid chromatography system has been de- 
veloped to make analysis of target compounds in complex biological matrices routine 
for clinical research and forensic toxicology laboratories. LC-MS/MS offers significant 
advantages in selectivity and quantitative accuracy over immunoassays and other analyti- 
cal techniques. The Prelude SPLC sample preparation and liquid chromatography system 
is designed to work seamlessly with Thermo Scientific mass spectrometers. The Prelude 
SPLC system is designed to enhance the cost effectiveness of LC-MS/MS instrumenta- 
tion by automating sample preparation and increasing mass spectrometer throughput. 
Automation can minimize variability inherent in manual sample preparation procedures 
while also reducing sample preparation time and effort. Innovative TurboFlow technol- 
ogy is designed to negate problems caused by sample matrix interference while capturing 
analytes of interest. This level of sample clean-up can enhance MS quantitative analysis 
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PROTEIN PROTEOLYSIS 
Trypsin/Lys-C Mix, Mass Spectrometry Grade, is a unique combination of 


Trypsin Gold and rLys-C proteases. The new mix increases peptide genera- 
tion with in-solution protein digestion and works with even difficult-to- 
digest proteins. Enhanced proteolytic activity achieved through the use of 
Trypsin/Lys-C Mix can result in a 20%—40% increase in the number of 
peptides generated, enabling a higher number of proteins to be identified. 
Trypsin/Lys-C Mix is also tolerant to Trypsin-inhibiting contaminants, en- 
abling researchers to generate mass spectrometry data from poor-quality 
sample material such as FFPE sections. Many proteins are resistant to tryp- 
sin due to tight conformation, and although protein denaturation enables 
proteolysis, trypsin is inactive under these conditions. The Trypsin/Lys-C 
Mix overcomes this barrier as it remains active even under strong denatur- 
ing conditions, enabling digestion of even proteolytically resistant proteins. 
Promega 

For info: 608-274-4330 | www.promega.com/tryplys 


MASS SPECTROMETRY INSTRUMENT 

The Microsaic 4000 MiD represents the culmination of over a decade of 
research, bringing together two high-tech fields—chemical analysis and 
silicon microengineering—to make possible a transformative capability in 
detection. The mass spectrometry instrument is easily accommodated in 
a standard fume hood and, unlike any conventional system, does not re- 
quire a cumbersome floor pump or separate PC. The 4000 MiD is read- 
ily integrated with existing chromatography equipment, and is ideally 
suited to reaction and process monitoring. Consuming only a fraction of 
the power demanded by conventional instruments, the Microsaic 4000 
MiD is also in tune with modern green laboratory working practices. 
Its low operating cost and small footprint make the instrument deploy- 
able in a wide range of applications that mass spectrometry has not been 
able to reach—until now. The core technologies are chip-scale versions of 
traditional mass spec components which can be interchanged rapidly by 
the user. 

Microsaic Systems 

For info: +44-(0)-1483-751577 | www.microsaic.com 


by reducing ion suppression. 
Thermo Fisher Scientific 
For info: 800-532-4752 | www.thermoscientific.com/prelude 


HEAT-STABILIZATION SYSTEM 

A heat-stabilization system has been demonstrated to be compatible with 
MALDI imaging analysis. The preservation of sample components prior 
to MALDI imaging analysis is crucial to accurately measure the distribu- 
tion and abundance of biological molecules in organs. During downstream 
analysis, the presence of metabolites, drug compounds, and endogenous 
peptides, which exist at very low levels in the tissue sample, is often difficult 
to detect due to rapid degradation of the molecule of interest or mask- 
ing by protein fragments generated from normal degradation processes. 
Utilization of Denator’s Stabilizor system has been shown to stop degrada- 
tion from the moment of sampling. This leads to increased accuracy and 
quality of analytical results. This development ensures that researchers who 
heat-stabilize tissues upstream achieve the best possible analytical results 
downstream. 

Denator AB 

For info : +46-(0)-70-771-59-67 | www.denator.com 


MYCOBACTERIAL LIBRARY 

The MALDI Biotyper (MBT) system allows for an instantaneous identifica- 
tion of colonies from a plate and covers a broad range of more than 4,600 
microbial isolates from gram-negative bacteria, gram-positive bacteria, 
yeasts, multicellular fungi, and mycobacteria. Microbial identification with 
the MALDI Biotyper is done using a proteomic fingerprint. This unique 
species-specific pattern is automatically compared with reference spectra in 
the MALDI Biotyper library. In addition, the MALDI Biotyper supports the 
Open Microbiology Concept which allows customers to generate their own 
database entries from regional isolates via a push-button storage in a cus- 
tomer-specific sub-library. The new second edition of the MBT Mycobac- 
teria Library adds another 140 isolates from 37 new species. The library is 
fully compatible with all standard cultivation media for mycobacteria, such 
as solid Léwenstein-Jensen medium or in liquid culture using the MGIT 
system from Becton Dickinson. With these added capabilities the MALDI 
Biotyper covers now more than 130 species of mycobacteria. 

Bruker Corporation 

For info: +49-42-12205-270 | www.bruker.com 
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Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 


POSITIONS OPEN 


PROFESSOR AND HEAD 
DEPARTMENT OF PATHOBIOLOGY 
College of Veterinary Medicine 
Auburn University 

The College of Veterinary Medicine, Auburn Uni- 
versity, invites applications and nominations for the po- 
sition of Professor and Head of the Department of 
Pathobiology. The Department of Pathobiology is seeking 
a dedicated, enthusiastic Department Head to lead a 
diverse and progressive faculty of over 45 tenure-track, 
clinical /research track, adjunct, and affiliate members in 
the development of its scholarly programs devoted to 
excellence in research, teaching, and diagnostic service. 
Review of applications will begin August 1, 2013, and 
continue until the position is filled. For a complete 
description of the position, please see website: http:// 
www.vetmed.auburn.edu/pathobiology. 

Auburn University is an Affirmative Action/Equal Employment 
Opportunity Employer and educational institution. Women and mi- 
norities are encouraged to apply. 


UNIVERSITY OF HAWAII 
AT MANOA CANCER CENTER 

ASSISTANT /ASSOCIATE/FULL RESEARCH- 
ER (Cancer Biology Program), Position #85911, 
Tenure-track, Continuous — application review begins 
May 31, 2013. Refer to website: http://www.pers. 
hawaii.edu/wuh/ for complete information. The Uni- 
versity of Hawaii is an Equal Opportunity /Affirmative Action 
Institution. Women and minorities are encouraged to apply. 
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Chair of Cell Biology and Anatomy 


The University of South Carolina School of Medicine is seeking an established PhD, or MD/PhD scientist and academic leader to assume the position 
of Chair of the Department of Cell Biology & Anatomy. The new Chair will join a collaborative department at a university in the midst of an ambitious 
program to achieve national prominence in research and education. Successful candidates should have expertise in a field relevant to the departmental 
research and teaching missions and be qualified for appointment at the level of Professor with tenure in the School of Medicine. The selected candidate will 
be expected to fulfill the department’s teaching mission in medical and graduate education, expand and enhance the research base of the basic sciences, lead 
his or her own externally funded research program, and facilitate the development of translational research through established partnerships with clinical 
departments. The candidate should be capable of fostering expansion of joint programs with the University of South Carolina Campus and its clinical 


partners, and will assume a leadership role in the biomedical engineering program. The position offers a competitive salary and the resources needed to 
expand this outstanding department. 


Candidates are expected to have a history of continued funding and an active research program, plus a strong record of accomplishment in mentoring 
postdoctoral fellows and junior faculty. Although the research area is open, priority will be given to candidates with research interests that complement the 
departmental research strengths in regenerative medicine or cardiovascular development and disease, and/or bring innovative research approaches to the 
department (see http://dba.med.sc.edu/). The Instrumentation Resource Facility (IRF) located in the School of Medicine provides state-of-the-art biomedical 
research equipment for techniques ranging from whole animal through single cell imaging to analysis at the molecular level (see http://irf.med.sc.edu/). 
The SmartState Endowed Chair program has helped establish research centers in cancer, stroke, cardiovascular disease, neurotherapeutics, brain imaging, 
biomedical ethics, health services, and primary health care at the University of South Carolina. 


The School of Medicine is located on the campus of the William Jennings Bryan Dorn Veterans Administration Medical Center located in Columbia, 
SC. The School offers the M.D. degree, master’s and doctoral degrees in biomedical science, and master’s degrees in genetic counseling, rehabilitation 
counseling, and nurse anesthesia through collaborations with major health system partner Palmetto Health Richland, as well as undergraduate and graduate 
programs in biomedical engineering through partnership with the University of South Carolina campus. Candidate will be expected to help create integrated 


curricula and adapt to ongoing changes in graduate and medical education, as well as expand existing programs and help establish new programs associated 
with our educational missions. 


Review of applications will continue until the position is filled. Qualified applicants may apply by submitting a single electronic file (PDF or Word) that 
includes a cover letter summarizing qualifications, curriculum vitae and publication list, a statement of research plans and professional goals, and contact 
information for four references. The file should be attached to an e-mail message sent to Dr. Marlene A. Wilson at CBA.search@uscmed.sc.edu with 
“CBA Chair Search” as the subject. For more information about the department including our research programs please visit: http://dba.med.sc.edu/. 


The University of South Carolina is an AA/EOE and does not discriminate in educational or employment opportunities or decisions for qualified persons 
on the basis of race, color, religion, sex, national origin, age, disability, sexual orientation or veteran status. Women and minorities are strongly encour- 
aged to apply. The University of South Carolina is responsive to dual career couples. 
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Hiring Vice President at 
South University of Science and Technology 
(SUSTC)Shenzhen, China 


The South University of Science and Technology, China (SUSTC) invites applications 
and nominations for Vice President (Academic Affairs) and Vice President (Education). 
SUSTC is committed to excellence in teaching and research; therefore, it offers 
internationally competitive salaries, fringe benefits, retirement and housing subsidy to the 
Vice Presidents. The modern campus also offers pleasant working conditions. 


About SUSTC 


SUSTC is a public institution funded by the municipal of Shenzhen, a special economic 
zone city in southern China. The University receives full financial support from the 
municipal. Set on five hundred acres of wooded landscape in the picturesque Nanshan 
(South Mountain) area, the campus offers an idyllic environment suitable for learning 
and scholarship. SUSTC engages in basic and problem-solving research of lasting 
impact to benefit society and mankind. Key research areas of the university include but 
not limited to: Neural and Cognitive Sciences, Biology and Gene Engineering, Modern 
Physics, Control and Modification of Materials, Nanoscience and Nanotechnology, 
Mathematics and Applied Mathematics, Molecular Chemistry and Catalysis, Large-Scale 
Computational Research, Robotics and Artificial Intelligence, Information Systems and 
Electronic Engineering, Modern Cities and future developments, Energy Sciences and 
technology, Environmental Sciences, Financial Mathematics and Engineering. 


The Vice President (Academic Affairs, VPAA) and Vice President (Education, 
VPE) report directly to the president. The VPAA provides strategic leadership in the 
development and implementation of academic and research programs. The VPE provides 
strategic leadership in student education and whole person development. Successful 
candidates are expected to be internationally renowned scholars with administrative 
experience and good communication skills. Excellent leadership and organizational skills 
are also important. 


The teaching language at SUSTC is English or Putonghua. As we expect an 
international faculty, the majority of teaching materials and reference books will be in 
English and many classes will be conducted in English. With a very high faculty-to- 
| > student ratio, SUSTC is committed to delivering a student-centered education. Students 
: 7a at junior and senior years are expected to participate in research in Research Centers. 
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orn in 1564, Galileo Galilei once contemplated a career in the priesthood. It’s perhaps fortunate 

for science that upon the urging of his father, he instead decided to enroll at the University of 
Pisa. His career in science began with medicine and from there he subsequently went on to become 
a philosopher, physicist, mathematician, and astronomer, for which he is perhaps best known. His 
astronomical observations and subsequent improvements to telescopes built his reputation as a 
leading scientist of his time, but also led him to probe subject matter counter to prevailing dogma. 
His expressed views on the Earth’s movement around the sun caused him to be declared suspect 
of heresy, which for some time led to a ban on the reprinting of his works. 

Galileo’s career changed science for all of us and he was without doubt a leading light in the 
scientific revolution, which is perhaps why Albert Einstein called him the father of modern science. 
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VIB (www.vib.be) is a non-profit research institute in life sciences. About 1,300 scientists conduct strategic basic research on the 
molecular mechanisms that are responsible for the functioning of the human body, plants, and microorganisms. Through a close 
partnership with four Flemish universities UGent, KU Leuven, University of Antwerp, and Vrije Universiteit Brussel and a solid 
funding program, VIB unites the forces of 76 research groups ina single institute. The goal of the research is to extend the 
boundaries of our knowledge of life. Through its technology transfer activities, VIB translates research results into products for 
the benefit of consumers and patients and contributes to new economic activity. VIB develops and disseminates a wide range of 
scientifically substantiated information about all aspects of biotechnology. For the VIB-Department of Medical Protein Research 


(UGent), we are looking for a (m/f): 


online @sciencecareers.org 


Department director 


The VIB Department of Medical Protein Research (UGent) has an outstanding track record in proteomics, interactomics and 
bioinformatics. The department director will set up his/her own research group within the department, with the ambition to 
unravel the molecular basis of key biological processes underlying human pathologies, using the strong technology base within 
the department by preference in new or emerging areas in life sciences such as posttranslational modification, multi-protein com- 
plexes, posttranscriptional regulation, epigenetics, RNA biology, synthetic biology, chemical biology, inter-cell-communication ... 


The director will provide vision and leadership to the department, with responsibility for: « developing the departmental research 
strategy and its future mission « creating a stimulating environment and dialectic culture, which fosters talent and triggers 
excellence + organizing and managing the department in terms of science, tech transfer, logistics, finance and human talent. 

It is expected that the director will maintain active research interest in leading an independent research lab. The director will 

be a member of the VIB management committee in which he/she has co-responsibility for the overall success of VIB. 
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The successful candidate: « has a PhD degree and is expected to be an experienced visionary scientist, widely recognized in 

the academic field, has demonstrated a strong record of publishing in leading scientific journals and obtaining high-level grants 

+ ranks as full professor with - preferentially - a track record of management in universities or research institutions + has an 
extensive international network with a wide scope of research collaborations + has excellent communication and negotiating skills 
and a strong will for developing a common vision and purpose for VIB and their own department « by preference, has experience 
with technology transfer and science policy. 
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How to apply? Please submit a cover letter, a full CV and a publication list to Jo Bury (Jo.Bury@vib.be). 


VIB Headquarters - Rijvisschestraat 120 - 9052 Gent - Belgium MNERSITEN 
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ae Bioimaging Consortium Singapore Bioimaging Consortium (SBIC), Singapore 


The Agency for Science, Technology and Research (A*STAR) is seeking a visionary leader to head the Singapore Bioimaging 
Consortium (SBIC), an established research institute with a mission to foster a vibrant research culture and train world- 
class scientists to fuel the flourishing biomedical sciences industry in Singapore. A*STAR is a diverse scientific community 
consisting of 3,900 research scientists and engineers from over 70 countries world-wide. This is an exciting opportunity to 
forge a multi-disciplinary and multi-cultural research environment in a nation dedicated to developing scientific R&D as a 
crucial pillar of its economy. 

SBIC was established in 2004 to serve as a focal point for stimulating and coordinating various aspects of bioimaging 
activities in Singapore. Funded primarily by A*STAR’s Biomedical Research Council (BMRC), research programmes at SBIC 
focuses on six major fields, namely: 


¢ Development of chemical imaging probes to support biomarkers 

Biomarker imaging in neurodegenerative and metabolic diseases 

Bio-optical imaging, optical imaging, and metabolite detection in oncology 

Nuclear imaging 

Molecular translational imaging (PET/Optical/MRI) 

Metabolic imaging using MR Spectroscopy 
As Executive Director of SBIC, you will have the opportunity to lead the Institute in driving world-class scientific research and 
shaping Singapore’s biomedical R&D landscape. Core duties include overseeing the Institute’s operations through scientific 
programme development and overall financial management, as well as providing scientific leadership for its researchers. 
You will play a key role in aligning SBIC’s activities and resources to A*STAR’s mission in developing excellent science and 
achieving industrial and economic outcomes by fostering clinical/industrial research collaborations and technology platforms. 
In addition to being a visionary leader, you should be an established scientist with a proven track record in your chosen 
field, which is not restricted to imaging but could be in a relevant field of biomedical sciences. You should demonstrate 
strategic vision to drive both SBIC and the imaging field forward, and possess well-developed interpersonal, communication, 
leadership, and managerial skills. A background or familiarity with industrial needs and applications in bioimaging would be 
a distinct advantage. 
Considerations for the application will begin in 3 June 2013 and interested parties may send your CV to CV_SBIC@kornferry.com 
by 28 June 2013. 
More information on A*STAR and SBIC can be found at www.a-star.edu.sg and www.sbic.a-star.edu.sg respectively. 
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More Resources 


Ponting 


AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers MV AAA : U = A 


University of 
Zurich” 


Faculty of Science 


The Faculty of Science at the University of Zurich invites 


applications for a 


Professorship in 
Molecular Design 
and Synthesis 


The Department of Chemistry wishes to appoint a new full 
professor with research interests in the broad area of molecular 
design and the art of organic synthesis. We seek an outstanding 
and innovative chemist who is familiar with the broad field 
of synthetic organic chemistry, and who can contribute to 
teaching in this area at Bachelor, Master and PhD level in 
English or German. The successful candidate will already 
have an outstanding track record in his/her chosen field of 
research. Examples can be found in diverse areas such as 
chemical biology, supramolecular chemistry and organic 


materials. 


The University of Zurich provides generous research 
support and competitive start-up packages. The town of 
Zurich offers a stimulating scientific environment, with 
many opportunities for collaborations with research groups 
at the Faculties of Science and Medicine as well as at other 


neighboring institutions. 


Application packages should include a cover letter, com- 
plete curriculum vitae, statement of current and future re- 
search plans, and the names and addresses of three 
potential 

referees. The documents should be addressed to Prof. Dr. 
Michael O. Hengartner, Dean of the Faculty of Science, 
University of Zurich, and submitted as a single PDF file at 
www.mnf.uzh.ch/mds at the latest by 31 August 2013. 
Further information can be obtained by contacting 

Prof. Dr. John Robinson, Department of Chemistry, at 
robinson@oci.uzh.ch, and by visiting the new Department 


web-site at www.chem.uzh.ch, or www.oci.uzh.ch 


The University of Zurich is an equal opportunities employer. 


Applications from women are particularly encouraged. 


») University of 
’ Zurich™ 


Faculty of Science 


The Faculty of Science at the University of Zurich invites 
applications for a 


Professorship in 
Environmental 
Science / Ecology 


at the Institute of Evolutionary Biology and Environmental 
Studies. The Institute conducts research in the fields of 
ecology, evolution, behaviour and the environment. We seek 
an outstanding and innovative ecologist who is familiar with 
evolutionary concepts. Examples of areas of interest are 
animal ecology, community ecology, conservation biology, 
and functional ecology. 


The successful candidate will have a record of excellent 
research for their career stage. She or he will develop a 
strong, independent program of empirical research on 
animals or animal-plant interactions, and will contribute to 
graduate and undergraduate teaching (in English or 


German) in environmental science and ecology. 


The position will be filled preferentially at the level of 
associate or tenure-track assistant professor. 


The University of Zurich provides generous research support, 
including earmarked funds for personnel and running 
expenses, and competitive start-up packages. Zurich offers a 
stimulating scientific environment, and extensive opportunities 
for collaborations. Switzerland provides excellent opportunities 
for external funding of research. 


Application packages should include a cover letter, a full 
curriculum vitae (see 

http: / /www.ieu.uzh.ch/static/documents/ for guidelines), 
a vision statement of research interests and the names and 
addresses of three potential referees. Applications should be 
addressed to Prof. Dr. Michael O. Hengartner, Dean of the 
Faculty of Science, University of Zurich, and submitted as 

a single PDF document at www.mnf.uzh.ch/ese by 

20 June 2013. For further information, please contact 

Prof. Dr. Barbara KGnig, Institute of Evolutionary Biology 
and Environmental Studies, at barbara.koenig@ieu.uzh.ch, 
or visit the homepage at www.ieu.uzh.ch. 


The University of Zurich is an equal opportunities employer. 


Applications from women are particularly encouraged. 
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UNIL | Université de Lausanne 


THE FACULTY OF BIOLOGY AND MEDICINE OF THE UNIVERSITY 
OF LAUSANNE, SWITZERLAND INVITES APPLICATIONS FOR THE 
POSITION OF: 


TENURE-TRACK ASSISTANT 
PROFESSOR TOWARDS ASSOCIATE 
PROFESSOR IN ENTOMOLOGY AT THE 
DEPARTMENT OF ECOLOGY AND 
EVOLUTION 

(WITH A LINK TO THE MUSEUM OF 
ZOOLOGY AND BOTANICAL GARDEN) 


The Department of Ecology and Evolution 
(http:/Awww.unil.ch/dee) has a long track record of excellence 
in research. 


Pree rere ere re errr errr rrr rrr rere reer irre sy 


A start-up package, a state-of-the-art research infrastructure 
as well as a yearly research allowance for positions and 
consumables will be available within an environment favoring 
collaborations. 


The successful candidate is expected to develop an 


internationally recognized research programme funded 
by external sources and take a leading role in a new 
initiative aimed at developing interactions between the 
University of Lausanne and the Museum of Zoology and 
the Botanical Garden. 


Pre-existing knowledge of French is not required but the 
candidate is expected to be able to teach in French within 2 
years. She/he will also supervise Masters and PhD students 
and participate to other training activities. 


The job description is available on the Internet site 


AAAS is here - 
promoting universal 
science literacy. 


In 1985, AAAS founded Project 2061 with 
the goal of helping all Americans become 
literate in science, mathematics, and 
technology. With its landmark publications 
Science for All Americans and Benchmarks 
for Science Literacy, Project 2061 set out 
recommendations for what all students 
should know and be able to do in science, 
mathematics, and technology by the time 
they graduate from high school. Today, many 
of the state standards in the United States 
have drawn their content from Project 2061. 


As a AAAS member, your dues help support 
Project 2061 as it works to improve science 
education. If you are not yet a member, join 
us. Together we can make a difference. 


http://www.unil.ch/fom/page64812.html. 


Further information may be obtained from Prof. Jan Roelof 
Van Der Meer UianRoelof.VanDerMeer@unil.ch), chairman 
of the search committee. 


The applications, in English, will include the curriculum vitae, 


the list of publications with a copy of the five most significant = 
To learn more, visit 


aaas.org/plusyou/project2061 


MVAAAS+U=A 


ones, a brief statement of the research programme and 
teaching experience, as well as three references (names and 
contact information). They should be submitted online by 
August 16" 2013 as a single pdf file at 
www.unil.ch/iafbm/application. 


among its staff, the University encourages applications from women. 


: 
: 
: Seeking to promote an equitable representation of men and women 
: 
: 
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Wednesday, June 26, 2013 


12 noon Eastern, 9 a.m. Pacific, 5 p.m. UK, 6 p.m. Central Europe 


Recent advances in technology and cost effectiveness of next generation sequencing has 
led to its progressively wider implementation in both research and clinical settings. The 
Ruthild Weber, M.D. 
Hannover Medical School 
Hannover, Germany 


amount of data it produces, however, can be overwhelming—typically over three million 
variants per genome. The challenges for many researchers today are how to make sense 
of this huge volume of data in the context of the scientific question being asked, and 
how to identify those variants that provide meaningful and relevant information. In this 
webinar we will discuss current approaches to variant analysis and how they can be most 


effectively integrated into the next generation sequencing pipeline. 


Scott D. Kahn, Ph.D. 
Illumina 


DURING THE WEBINAR, VIEWERS WILL: en 


* Learn about various methods for analyzing and comparing variants, including tips 
and pitfalls 


* Gain a fuller understanding of the importance of accurate and robust variant analysis 
* Receive advice on managing and manipulating large data sets 


Have the opportunity to put their questions to our panel of experts! 


Brought to you by the 
Science/AAAS Custom 
Publishing Office 


Webinar sponsored by 


BIOBASE 


BIOLOGICAL DATABASES 
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FuGENE* HD 2 
Illuminate Real Biology 


Don’t let old toxic transfection technology 
get in the way of your science. 
FuGENE® HD provides the 
power to transfect 

virtually any cell type 

while maintaining 

biologically relevant 

cell signaling responses. 


Key applications: 


¢ Cancer Biology 

e Stem Cell Research 

e Developmental Biology 

e Neurobiology 

¢ Immunobiology 

e Lentivirus Production 

© CHO Cell Protein Production 
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In this BaF3 cell model of NF-kB luciferase induction, only 
FuGENE® HD and FuGENE® 6 are able to create a usable assay. 


To discover the power of FUGENE® HD for your biology, request a free sample at 
www.promega.com/pathwaybiology 
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